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ABSTRACT 
The l-v characteristic of a solar photovoltaic (PV) panel is highly nonlinear. 
The characteristic varies drastically with the solar insolation (light intensity) and the 
ambient temperature. The PV panel gives maximum power at a unique operating 
point, called the maximum power point (MPP). To operate the PV panel close to its 
MPP. maximum power point trackers (MPPT) are required. 
This thesis deals with development of different analog and digital maximum 
power point trackers for the maximum power generation from a solar photovoltaic 
panel and its application to various electrical loads e.g. separately excited dc motors 
and water pumping systems. At the outset, the need of using a maximum power 
tracking circuit for tapping the maximum power from a solar photovoltaic generator 
has been explained. The different maximum power point tracking techniques and their 
relative merits and demerits are also discussed in detail. A microcontroller based 
maximum power point tracker is developed and two tracking algorithms, namely, 
perturb & observation (P&O) algorithm and maximum power point voltage (MPPV) 
algorithm are successfully implemented. The P&O algorithm adjusts the current 
drawn from the PV panel at a regular interval to maximize the power output of the 
panel while the MPPV tracking algorithm locks the panel voltage to a fixed 
percentage of its open-circuit voltage. It was observed that the P&O algorithm tracks 
the maximum power point slowly and there is continuous oscillation around the MPP 
which causes loss of energy on each variation of the ambient condition (e.g. due to 
passing cloud). The MPPV algorithm is fast and does not have the drawback of 
oscillations around the MPP. However, the algorithm is not very accurate as the 
tracked MPP may be slightly away from the true MPP. 
To overcome the drawbacks of P&O and MPPV algorithms, a novel hybrid 
algorithm that combines the two above mentioned algorithms, is proposed and 
practically implemented. The developed MPPT is tested under changing insolation 
and load conditions. The proposed hybrid algorithm first uses the MPPV algorithm to 
force the operating point very near to the MPP. The true MPP is then tracked using 
the P&O algorithm. The method is therefore, fast and accurate. The magnitudes of 
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oscillations around the MPP are also minimized. This method is very attractive for 
frequently changing ambient conditions including the conditions of passing clouds. 
The MPPV algorithm does not require multiplication of voltage and current to 
calculate the power. Therefore, this control strategy is fast and can easily be 
implemented. A simple and cheap analog circuit is proposed to implement the MPPV 
algorithm. The circuit is first simulated using MATLAB Simulink software and then 
practically realized. The realized circuit is tested under different ambient and load 
conditions. The simulation and experimental results are presented. 
The MPPV tracking algorithm locks the panel voltage to a fixed percentage of 
its open-circuit voltage. To determine the open-circuit voltage, an unloaded pilot PV 
panel is used. Contrary to the conventional MPPV tracking, here the main PV panel is 
never disconnected from the load, resulting in sustained and increased energy output. 
The simulation and experimental results show that the analog circuit tracks the MPP 
faster than the digital circuit. Moreover, both cost and power consumption in the 
analog controller circuit are reduced drastically. 
The performance of a water-pumping system using the proposed analog 
maximum power point tracker is compared with a conventional directly coupled 
permanent magnet dc (PMDC) motor based water-pumping system. Both types of 
water pumping systems are simulated using Simulink software. Moreover, these 
systems are practically realized in the laboratory. Theoretical and experimental results 
show that the directly coupled system operates near MPP at high insolation conditions 
only. If the ambient condition deviates from this condition, the operating point also 
drifts away from the MPP, resulting in poor utilization of the capacity of the PV 
source. With the use of proposed analog MPPT, the PV panel operates very close to 
its maximum power point, irrespective of the changes in the ambient conditions. 
Under poor insolation condition (around 300 W/m^), the directly coupled water 
pumping system fails to operate while the pumping system with MPPT operates 
successfully. Thus, with the use of the proposed MPPT, the pumping system operates 
early in the morning and up to the late afternoon. System may also be operated in 
slightly overcast condition. Thus, the overall performance of the pumping system 
improves and the total pumped water increases with the use of the proposed MPPT. 
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Moreover, the proposed system (pump with MPPT) starts quickly and has better 
transient response as compared to directly coupled pumping system. 
Another novel application of the proposed MPPT is also given. It is used to 
replace a costly PMDC motor by a separately excited dc motor. The proposed system 
is simulated and practically realized. The results show that the motor starts and runs 
successfully both for centrifugal and constant-torque loads. While the armature 
current varies with the variation in insolation and load conditions, the field winding 
current practically remains constant. Thus, the motor operates close to its maximum 
power point with a constant field under different insolation and load conditions and 
behaves as a PMDC motor. Thus it can easily replace the costly PMDC motors which 
are used in the commercially available water pumping systems. 
The details of the work carried out and covered in this thesis are listed below: 
1. Development of microcontroller based MPPT to realize 
(a) perturb & observation algorithm and 
(b) maximum power point voltage algorithm. 
2. Development of microcontroller based MPPT to realize a novel 
hybrid algorithm that eliminates the drawbacks of both P&O 
algorithm and MPPV algorithm. 
3. The different MPPT are realized which are based on the above 
mentioned algorithms. These are practically tested and their 
performances compared. 
4. A novel cheap and robust analog MPPT is proposed, simulated, 
practically realized and tested. 
5. The proposed analog MPPT is used to operate a water-pumping 
system. The performance of the water-pumping system with MPPT is 
compared with that of a directly coupled water-pumping system. 
6. The proposed analog MPPT is used to operate a separately excited dc 
motor from a single PV source such that the motor operates with a 
constant field under varying ambient and load conditions and thus 
behaves as a PMDC motor. 
I l l 
DEVELOPMENT OF POWER ELECTRONIC 
CONTROLLERS FOR MAXIMUM POWER 
GENERATION FROM SOLAR PHOTOVOLTAIC CELL 
THESIS 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
*|KItttrttal ^ttgtn^mng \ 
^ "". '^ " •'. / 
'''^^h^.^^^xM ( 
ASU ^ariq 
DEPARTMENT OF ELECTRICAL ENGINEERING 
Z.H.COLLEGE OF ENGINEERING & TECHNOLOGY 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
2006 
, y 
J 
•_i^s4. 
T6579 
ABSTRACT 
The i-v characteristic of a solar photovoltaic (PV) panel is highly nonlinear. 
The characteristic varies drastically with the solar insolation (light intensity) and the 
ambient temperature. The PV panel gives maximum power at a unique operating 
point, called the maximum power point (MPP). To operate the PV panel close to its 
MPP. maximum power point trackers (MPPT) are required. 
This thesis deals with development of different analog and digital maximum 
power point trackers for the maximum power generation from a solar photovoltaic 
panel and its application to various electrical loads e.g. separately excited dc motors 
and water pumping systems. At the outset, the need of using a maximum power 
tracking circuit for tapping the maximum power from a solar photovoltaic generator 
has been explained. The different maximum power point tracking techniques and their 
relative merits and demerits are also discussed in detail. A microcontroller based 
maximum power point tracker is developed and two tracking algorithms, namely, 
perturb & observation (P&O) algorithm and maximum power point voltage (MPPV) 
algorithm are successfully implemented. The P&O algorithm adjusts the current 
drawn from the PV panel at a regular interval to maximize the power output of the 
panel while the MPPV tracking algorithm locks the panel voltage to a fixed 
percentage of its open-circuit voltage. It was observed that the P&O algorithm tracks 
the maximum power point slowly and there is continuous oscillation around the MPP 
which causes loss of energy on each variation of the ambient condition (e.g. due to 
passing cloud). The MPPV algorithm is fast and does not have the drawback of 
oscillations around the MPP. However, the algorithm is not very accurate as the 
tracked MPP may be slightly away from the true MPP. 
To overcome the drawbacks of P&O and MPPV algorithms, a novel hybrid 
algorithm that combines the two above mentioned algorithms, is proposed and 
practically implemented. The developed MPPT is tested under changing insolation 
and load conditions. The proposed hybrid algorithm first uses the MPPV algorithm to 
force the operating point very near to ths MPP. The true MPP is then tracked using 
the P&O algorithm. The method is therefore, fast and accurate. The magnitudes of 
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oscillations around the MPP are also minimized. This method is very attractive for 
frequently changing ambient conditions including the conditions of passing clouds. 
The MPPV algorithm does not require multiplication of voltage and current to 
calculate the power. Therefore, this control strategy is fast and can easily be 
implemented. A simple and cheap analog circuit is proposed to implement the MPPV 
algorithm. The circuit is first simulated using MATLAB Simulink software and then 
practically realized. The realized circuit is tested under different ambient and load 
conditions. The simulation and experimental results are presented. 
The MPPV tracking algorithm locks the panel voltage to a fixed percentage of 
its open-circuit voltage. To determine the open-circuit voltage, an unloaded pilot PV 
panel is used. Contrary to the conventional MPPV tracking, here the main PV panel is 
never disconnected from the load, resulting in sustained and increased energy output. 
The simulation and experimental results show that the analog circuit tracks the MPP 
faster than the digital circuit. Moreover, both cost and power consumption in the 
analog controller circuit are reduced drastically. 
The performance of a water-pumping system using the proposed analog 
maximum power point tracker is compared with a conventional directly coupled 
permanent magnet dc (PMDC) motor based water-pumping system. Both types of 
water pumping systems are simulated using Simulink software. Moreover, these 
systems are practically realized in the laboratory. Theoretical and experimental results 
show that the directly coupled system operates near MPP at high insolation conditions 
only. If the ambient condition deviates from this condition, the operating point also 
drifts away from the MPP, resulting in poor utilization of the capacity of the PV 
source. With the use of proposed analog MPPT, the PV panel operates very close to 
its maximum power point, irrespective of the changes in the ambient conditions. 
Under poor insolation condition (around 300 W/m )^, the directly coupled water 
pumping system fails to operate while the pumping system with MPPT operates 
successfully. Thus, with the use of the proposed MPPT, the pumping system operates 
early in the morning and up to the late afternoon. System may also be operated in 
slightly overcast condition. Thus, the overall performance of the pumping system 
improves and the total pumped water increases with the use of the proposed MPPT. 
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Moreover, the proposed system (pump with MPPT) starts quickly and has better 
transient response as compared to directly coupled pumping system. 
Another novel application of the proposed MPPT is also given. It is used to 
replace a costly PMDC motor by a separately excited dc motor. The proposed system 
is simulated and practically realized. The results show that the motor starts and runs 
successfully both for centrifugal and constant-torque loads. While the armature 
current varies with the variation in insolation and load conditions, the field winding 
current practically remains constant. Thus, the motor operates close to its maximum 
power point with a constant field under different insolation and load conditions and 
behaves as a PMDC motor. Thus it can easily replace the costly PMDC motors which 
are used in the commercially available water pumping systems. 
The details of the work carried out and covered in this thesis are listed below: 
1. Development of microcontroller based MPPT to realize 
(a) perturb & observation algorithm and 
(b) maximum power point voltage algorithm. 
2. Development of microcontroller based MPPT to realize a novel 
hybrid algorithm that eliminates the drawbacks of both P&O 
algorithm and MPPV algorithm. 
3. The different MPPT are realized which are based on the above 
mentioned algorithms. These are practically tested and their 
performances compared. 
4. A novel cheap and robust analog MPPT is proposed, simulated, 
practically realized and tested. 
5. The proposed analog MPPT is used to operate a water-pumping 
system. The performance of the water-pumping system with MPPT is 
compared with that of a directly coupled water-pumping system. 
6. The proposed analog MPPT is used to operate a separately excited dc 
motor from a single PV source such that the motor operates with a 
constant field under varying ambient and load conditions and thus 
behaves as a PMDC motor. 
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CHAPTER 1 
Introduction 
1.1 Background 
Energy availability has an important bearing on national economic 
development and improving the quality of life of the people. The level of per capita 
energy consumption has long been considered as one of the key indicators of 
economic grovvth. To meet the growing energy demand the nation largely depends on 
the fossil fiiel based generating systems. However, the fossil fuels have finite global 
reserves. Also, global warming, which is caused largely by greenhouse gas emissions 
from fossil fuel based generating system, is a major concern. In view of these two 
factors, India, and of course the whole world, is looking towards the renewable energy 
sources such as wind, solar, geothermal and biomass as alternate source of energy. 
Among these renewable energy sources, solar photovoltaic and wind generators are 
widely used. 
Photovoltaic (PV) generators use sunshine as fuel, which is free and available 
in plenty in a tropical country like India (India receives about 5000 trillions kWh of 
solar energy in one year [Annual Report, 2004-05]). The benefits of PV generators are 
as follows: 
• Clean energy source with a long life 
• Fixed cost of electricity for the whole life of the generator 
• Pollution free and very quiet 
• Reliable with minimal maintenance 
• Modular and expandable 
The PV panel-based stand-alone systems are used in numerous applications: 
(i) to supply power to remote villages which are not connected to grid, (ii) to run 
water pumps for irrigation and drinking purposes, (iii) for street and domestic 
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lighting, (iv) for air conditioning, food and medicine preservation, (v) for battery 
charging (vi) for swimming pool heating systems, (vii) satellite power systems etc. 
In recent years, grid interactive solar photovoltaic plants are also getting 
attention. PV plants of capacities of 25-100 kW are being set up in different parts of 
India. So far 34 such plants with a cumulative capacity of 2.8 MWp have been 
commissioned and six more projects of aggregate capacity of 400 kWp are under 
installation. Grid interactive photovoltaic plants reduce the energy demand from the 
grid and also shave the peak load demand. 
The main drawbacks of PV systems are high fabrication cost and low 
conversion efficiency. The cost of PV panels for isolated systems (e.g. water-
pumping) is about US$5,000/kWp However, the cost of grid connected PV plants 
(including the cost of terminal equipments) is about $10,000/kWp for systems of 
lOkW size and above [Al-Hallaj, 2004]. In general the conversion efficiency of solar 
cells is less than 20 percent [Messenger, 2000]. 
In view of its high capital cost and poor conversion efficiency, a PV generator 
should always be operated such that maximum available power is harnessed from it. 
The following approaches are used for maximum utilization of the panel capacity: 
1) Sun tracking: The incident solar energy of a PV panel is maximum when the 
incident beam is normal to its surface. To maximize the incident solar energy, 
sun tracking PV panel panels are designed to change the orientation of PV 
panels, manually, three times a day. By manual sun tracking, 20% more output 
can be obtained as compared to fixed tilted PV panels [Kolhe, 2004]. 
2) Changing the solar array configuration: The i-v characteristics of solar PV cells 
are non-linear which vary over a wide range due to change in solar insolation 
and ambient temperature. There exists a unique operating point (maximum 
power point or MPP) on the i-v characteristics of a solar array at which the 
output power is maximum. The solar array configuration can be rearranged such 
that the array operates near its maximum power point [Saied, 1989]. 
3) Interfacing power conditioner unit between solar panel and the load: A 
matching network known as power conditioner unit (PCU) or maximum power 
point tracker (MPPT) is interfaced between the PV panel and the load. The 
MPPT forces the system operating point towards the MPP regardless of ambient 
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conditions (solar insolation and ambient temperature) and load variations. MPPT 
circuits are realized by means of switch mode dc-dc converters, most commonly 
with pulse width modulation (PWM) control. 
This work deals with development of different analog and digital 
(microcomputer controlled) maximum power point tracker (MPPT) for a PV based 
power generation. Apart from lighting and motor load applications, the developed 
system was successfully implemented for highly efficient water pumping application. 
The water pumping system consists of a 1 HP permanent magnet dc motor coupled to 
a centrifugal pump. For experimental verification, PV panel (Model No. SW 900), 
manufactured by Central Electronics Limited, Sahibabad. India, is used. The panel 
consists of 24 PV modules each of 37.5 Wp (nominal), with aggregate capacity of 900 
Wp. The modules are made up of suitable number of single crystalline silicon solar 
cells, connected in series and hermetically sealed between a highly transparent 
toughened glass and encapsulating material. 
1.2 Research objectives 
The principal objectives of the project are 
1. To study, analyse and compare the different techniques for tapping the 
maximum power from a PV source and to develop an algorithm that 
eliminates the drawbacks of the previous techniques used. 
2. To develop a simple and cheap maximum power point tracker that can 
he used in PV power applications in remote area. 
3. To investigate the enhancement in the performance of a PV powered 
water pumping system with the use of MPPT. 
4. To develop a convenient and economical way of operation of a 
separately excited dc motor from a PV source. 
1.3 Organisation of the thesis 
This thesis is organised in eight chapters. Chapter 1 gives an overview of the 
research work to be undertaken. It gives a brief description of a PV system and 
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various approaches that are followed for maximum utilization of the power generating 
capacity of the PV source. Finally the research objectives are set. 
Chapter 2 presents an overview of the contemporary research in the area of 
solar photovoltaic systems. A brief history of development of PV cell and the physics 
of operation of the cell are given. The problem of load matching with PV cell and 
different methods used for this purpose are discussed. The need of a maximum power 
point tracker for tapping maximum power from a PV cell is explained. Finally, the 
different maximum power point tracking techniques are presented. 
Chapter 3 is devoted to the development of microcontroller based maximum 
power point trackers. Two tracking algorithm namely, perturb & observation 
algorithm and maximum power point voltage algorithm are implemented. The 
performances of the two algorithms are compared. Inaccuracies in the two algorithms 
and the causes of errors have been identified. Thereafter, a novel hybrid algorithm 
that overcomes the drawbacks of the two algorithms is proposed and practically 
implemented. The performance of the proposed algorithm is studied and presented. 
Chapter 4 is dedicated the development a simple and cheap analog maximum 
power point tracking circuit. The proposed circuit is simulated and practically 
realized. The realized circuit is tested under different ambient and load conditions. 
The simulation and experimental results are presented. 
In chapter 5, the performance of a directly coupled water-pumping system is 
studied. The improvement in the performance of the water-pumping system with the 
use of the proposed maximum power point tracker is also investigated. Both types of 
water pumping systems are simulated and experimentally realized in the laboratory. 
Theoretical and experimental results are presented. 
Chapter 6 suggests a novel scheme for operation of a separately excited dc 
motor which works as a PMDC motor with the proposed analog MPPT. The proposed 
scheme uses a single PV source for supplying both armature and field winding. The 
proposed scheme is simulated and realized. The scheme works satisfactorily both for 
centrifugal and constant- torque type loads. 
Conclusions and future work are given in Chapter 7. Finally, the references are 
provided in Chapter 8. List of publications from the thesis is also given in the 
Appendix. 
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CHAPTER 2 
Maximum Power Point Trackers 
2.1 Introduction 
This chapter presents an overview of the contemporary research in the area of 
photovoltaic systems. A brief history of development of PV cell and the physics of 
operation of the cell are given in section 2.2. The problem of load matching with PV 
cell and different methods used for this purpose are discussed in section 2.3. The need 
of a maximum power point tracker for tapping maximum power from a PV cell is 
explained in section 2.4. Finally, section 2.5 presents different maximum power point 
tracking techniques being used. 
2.2 The photovoltaic cell, module and array 
A PV cell is a specially designed pn junction semiconductor device that 
absorbs the energy of the incident photon and converts it into electrical energy. The 
concept that the sunlight can be directly converted into electrical energy was first 
discovered by Edmond Becquerel in 1839 [Shahidehpour, 2004]. However, the first 
pn junction PV cell was developed by Dary Chapin, Calvin Fuller, and Gerald 
Pearson in 1954. It had an efficiency of 6%. Commercially available PV cells are (i) 
monocrystalline silicon cells, (ii) polycrystalline silicon cells, and (iii) amorphous-
silicon cells. The monocrystalline silicon cells are made of thin wafers sliced from 
large single crystals of silicon. These are the most efficient type of cells with 
efficiency up to about 17%. The polycrystalline silicon cells are composed of ribbons 
or wafers containing many silicon crystals fused together, which make them less 
efficient but also less expensive to produce. Their efficiencies lie in the range of 10-
14% [Khan, 2006]. They are used in many commercial applications for which space is 
not a critical constraint. The amorphous-silicon cells are made using thin-film 
technology and therefore they are cheaper as compared to monocrystalline and 
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polycrystalline silicon cells. However, they have low efficiency (4-8%) and degrade 
in outdoor applications. They are best suited for indoor applications using diffused or 
indoor lights, e.g. pocket calculator, electronic watches etc. 
A PV cell usually consists of a moderately p-doped base substrate and a thin 
heavily n-doped top layer. The holes from p side diffuse to n side leaving behind 
negative ions in p side of the junction. Similarly electrons from n side diffuse to p side 
leaving behind positive ions in n side. The ionized region which has very low 
concentration of free charge carriers is termed as depletion or space charge region. 
Formation of depletion layer creates an electric field from positive side of the 
depletion layer to the negative side of the depletion layer, as shown in Figure 2.1. 
If the PV cell is illuminated, electron-hole pairs (EHPs) are created provided 
the energy of the incident photon is more than the band gap energy of the 
semiconductor (about 1.1 eV for silicon). If the generated EHP is inside the depletion 
region, both electron and hole are acted upon by the built-in electric field Ebmit-m-
Since the electric field is directed from the n-side of the junction towards the p-side of 
the junction, the field will cause the electrons to be swept quickly towards the n-side 
and holes to be swept quickly towards the p-side. Once out of the junction, the 
optically generated carriers become a part of the majority carriers of the respective 
regions with the result that excess concentration of majority carriers appears at the 
edge of the junction. These excess majority carriers then diffuse away from the 
junction, since the concentration of majority carriers has been enhanced only near the 
junction. 
The addition of excess majority charge carriers to each side of the junction 
results in either a voltage at the external terminals or a flow of current in the external 
circuit or both. If an external wire is connected between the n-side and the p-side of 
the material, a current // will flow in the external circuit. This current is proportional 
to the number of EHPs generated in the junction region. This phenomenon is 
illustrated in Figure 2.2. 
Electron-hole pairs generated outside the depletion layer can also contribute to 
the generation of current provided the minority carrier of the EHP reaches the 
depletion region before it recombines. For example, if an EHP is generated in the n-
side of the junction, the hole should reach the depletion region before it recombines. If 
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Figure 2.2 Generation of current in an illuminated PV cell. 
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it happens, the net effect will be same as if the EHP had been generated inside the 
depletion region. If the minority carrier of the EHP recombines before reaching the 
depletion region, both the carriers will be-lost from the conduction process. 
The i-v characteristic equation of a PV cell is given by [Bhat, 1993]: 
ii'v=Ii-h 
-^(^•pv+irvK) 
nkT 1 
R... 
(2.1) 
where 
i/,!,. is the output current of the PV cell 
Vi,y is the output voltage of the PV cell 
// is the light generated current, 
lo is the diode reverse saturation current, 
q is the charge of an electron, 
;; is diode ideality factor, 
k is the Boltzmann's constant, 
T is the temperature in Kelvin, 
Rs and Rsi, are the series and shunt resistances, respectively. 
For the ideal case of zero series resistance, infinite shunt resistance and unity 
diode ideality factor, (2.1) can be written as 
Ipy - 1, Ig kT 
-1 (2.2) 
The equivalent circuits of a PV cell for ideal and non-ideal cases are shown in 
Figure 2.3. 
Putting v,,y = 0, in (2.2) yields the short-circuit current as: 
L=I, (2.3) 
Therefore, the short-circuit current is almost equal to the light generated current 
which is directly proportional to the cell irradiance or light intensity. 
Putting i,,y = 0, in (2.2) yields the open-circuit voltage as: 
F = ^ . n (2.4) 
As / / » l o , (2.4) can be written as: 
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kT. 
— In 
v4y 
(2.5) 
It is evident from (2.5) that the cell open-circuit voltage is proportion to the 
log of the irradiance. Therefore it does not vary very much with light intensity. 
However, it is temperature dependant and decreases by 2.3 mV for each degree 
Celcius increase in temperature [Messenger, 2000]. 
Figure 2.4 shows the i-v characteristics of a PV cell for various insolation 
levels and temperatures [Mohan, 2005]. It can be observed that the characteristic is 
highly nonlinear and varies drastically with the solar insolation (light intensity) and 
the temperature. The cell characteristic at a particular ambient condition consists of a 
constant voltage segment and a constant current segment. The cell generates 
maximum power at the knee of the characteristic where the two segments meet. 
As the PV cell i-v characteristics is a function of solar insolation and ambient 
temperature, the power developed also changes with the change in the ambient 
conditions. The cells are characterised normally at a standard insolation of 1 kW/m^ 
or 100 mW/cm^ and a temperature of 28° C. These cells are rated in terms of peak 
watts at the above insolation and temperature. A PV cell is capable of generating 
approximately 1.5 watts of power [Messenger, 2000]. 
A PV cell develops an open-circuit voltage in the range of 0.5 to 0.6 volts and 
a short-circuit current in the range of 2 to 3 amperes. To get adequate voltage, a 
number of PV cells are connected in series to form a PV module. Normally, the 
commercially available PV modules develop an open-circuit voltage of 18-20 volts. 
They are designed to have peak power rating in the range of 35-40 watts. To enhance 
the power rating of a PV system, a suitable number of PV modules are connected in 
series and parallel to form a PV array, as shown in Figure 2.5. 
2.3 Load matching with PV arrays 
As discussed in section 2.2, the i-v characteristic of a PV panel is highly 
nonlinear and varies drastically with solar insolation and temperature. Figures 2.6(a) 
and 2.6 (b) show the variations of z-v characteristics and output power of a particular 
PV panel with varying solar insolation and temperature, respectively [Enslin, 1997]. It 
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Figure 2.4 The /-v characteristics of a PV cell. 
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can be observed that the PV panel gives maximum power, Pmax at a particular voltage 
Vn,o.x and current I„ax- The corresponding point on the i-v characteristic is called the 
maximum power point (MPP). The operating point on the i-v characteristic is the 
intersection of the characteristic with the load-line, as shown in Figure 2.7. With 
insolation XA and load resistance, RA the operating point OPA matches the maximum 
power point MPPA- If isolation changes to XB, the operating point shifts to OPB which 
is far from the new maximum power point MPPB. If the load-resistance is increased to 
RB the operating point can be shifted to MPPB. Therefore, the characteristics of the 
load should be properly matched with that of the PV array in order to keep the 
operating point near the MPP. 
In PV powered water pumping applications the motor-pump system is 
judiciously chosen to match its characteristics with the PV array. As the PV 
generator's output is dc in nature, dc motor is an obvious choice for the prime mover. 
In [Saied, 1988], matching of separately excited and series excited dc motors with the 
PV array for maximum daily gross mechanical energy has been studied. It has been 
shown that separately excited dc motors are more suitable for such applications. In 
[Khouzam, 1993] operations of shunt, series, and separately excited motor driving 
different types of mechanical loads are discussed. It has been concluded that a 
separately excited motor driving a rotodynamic load is most compatible with the PV 
array. The matching with the solar array can further be improved by using dc motors 
having both constant and series-excited field components [Saied, 2002]. 
A separately excited motor requires a constant excitation for its field winding. 
Thus, to energize the field winding, a separate PV array is required. However, the 
excitation current does not remain constant and keeps varying with the change in 
ambient condition. Therefore, permanent magnet dc (PMDC) motor is the most 
popular choice for PV powered water pumping systems. Even with PMDC motors, 
perfect matching with the PV source or maximum power point operation is possible 
only at a unique ambient condition. 
In order to maximize the incident solar energy to the PV panel and to operate 
the panel close to its MPP, sun tracking PV panels are designed. In these panels, 
orientation of the panel can be manually changed three times a day. By manual sun 
tracking 20% more output can be obtained as compared to a fixed tilted PV panel 
13 
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[Koihe, 2004]. Another approach for improving the performance of the PV system is 
to use different array configurations for different ambient conditions [Salameh, 1990]. 
The methods discussed as above provide only an approximate matching 
between PV source and the load. More accurate matching needs interfacing of a 
circuit, known as maximum power point tracker (MPPT), between the PV source and 
the load. 
2.4 Maximum power point tracker 
A maximum power point tracker or power conditioner unit (PCU) is a circuit, 
used to adjust the load characteristics under changing atmospheric condition such that 
the operating point is always the maximum power point. An MPPT consist of a 
switch-mode dc-dc converter, controlled by a PWM generator, as shown in Figure 
2.8. PWM generator generates signal for the dc-dc converter using voltage and current 
signals of the PV array. 
Depending on the voltage levels of PV array and the load, the dc-dc converter 
may be buck converter [Koutroulis, 2001], boost converter [Femia, 2005], buck-boost 
converter [Masoum, 2002a], or Cuk converter [Chung, 2003]. With a buck-boost 
converter the array configuration is not limited to a higher input voltage as in a buck 
converter; or a lower input voltage as in a boost converter. However, a buck-boost 
converter suffers from a serious drawback of poor conversion efficiency [Snyman, 
1992]. To enhance the conversion efficiency of the dc-dc converter, use of a soft-
switching topology is also reported [Enslin, 1997]. Recently buck converter has been 
used with sliding mode control [Masoum, 2002b]. 
2.5 Ivlaximum power point tracking techniques 
Many maximum power point tracking techniques have been proposed, 
analyzed and implemented. They can be categorized as: 
(i) Perturb and observation method, 
(ii) Incremental conductance method, 
(iii) Indirect methods, and 
(iv) Neural network and fuzzy controller based methods. 
14 
CHAPTER 2 Maximum Power Point Tracicers 
5.0 
4.0 
< 3.0 
*^ c 
^ 2.0 
0) 
c 
CL 
1.0 
X^ = l kW/m ' 
^B = 0.5 kW/m' 
iv characteristics 
Load lines at IVIPF 
y 
y 
y 
y 
.w^ MPP„ ^--
/ -^  \ 
=8 
y 
y 
y 
ilPP, 
2 4 6 8 10 12 14 16 18 20 22 24 
Panel Voltage(\/) 
Figure 2.7 Load lines for MPP operation at different insolation levels. 
PV 
Array 
MPPT 
DC/DC converter 
i Control — \ 
i signals ^ 
i 
PWM 
Generator 
Load 
Figure 2.8 A PV system with an MPPT. 
15 
CHAPTER 2 Maximum Power Point Trackers 
These methods are presented in the following sub-sections. 
2.5.1 Perturb and Observation method 
In perturb and observation (P&O) method the current drawn from the PV array 
is perturbed after regular intervals by perturbing the duty ratio, d of the dc-dc 
converter by a factor AJ and the resulting output power is compared with that in the 
previous perturbation cycle. If an increased duty ratio {d+l^d) results in higher power, 
it is further increased till the output power begins to decline. On the other hand, if an 
increase in duty ratio results in lower power than before, then the duty ratio is 
decreased until power output stops increasing and begins to go down. The output 
power of the PV array is computed by multiplying the output voltage and current 
using a microprocessor [Enslin, 1990], a microcontroller [Koutroulis. 2001] or a 
digital signal processor [Hua, 2003a], [Hua, 2003b]. 
The P&O method is quite accurate as it tracks the true MPP. However, this 
method suffers from the following drawbacks: 
> The operating point oscillates around the MPP resulting in waste of 
some amount of energy. 
> The algorithm takes considerable time to track the MPP, resulting in 
wastage of significant amount of power, especially in frequently 
changing atmospheric conditions. 
> The algorithm sometimes tracks in the wrong direction, especially in 
rapidly changing irradiance levels [Hohm, 2000]. 
> There may be undesirable error in the measurement of discontinuous 
pulse type PV array output current. This affects the tracking efficiency. 
The amplitude of oscillations around the MPP is governed by the amplitude of 
duty cycle perturbation, M. The amplitude of oscillations and in turns the steady 
state losses can be reduced by reducing A*^ . However it makes the algorithm less 
efficient in rapidly changing atmospheric conditions because of increased tracking 
time 
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The choice of sampling interval, Ts is also important. It should be kept above 
certain threshold value to ensure that the system has reached steady state in response 
to the previous perturbation. Otherwise th& algorithm can be confused and operating 
point can move away from the MPP. 
The values of the two parameters of the P&O algorithm depend on the 
dynamic behaviour of the specific converter and PV array adopted. Therefore to 
optimize the P&O algorithm, its parameters should be customized to the dynamic 
behaviour of the whole PV system [Femia, 2004], [Femia, 2005]. 
2.5.2 Incremental conductance algorithm 
Incremental conductance (FNC) algorithm is used to overcome the limitations 
of the P&O algorithm [Harada, 1993], [Hussein, 1995], [Kim, 2001]. The algorithm is 
based on the fact that at MPP, the slope of p - v curve is zero which is evident from 
Figure 2.9. The fact can be written mathematically as 
dp,,y 
= 0 (2.6) 
dv,y 
where pj.^ and v,,^  are the PV array power and voltage respectively. Also 
Pl>y=VpyXipy (2.7) 
where i,,y is the PV array current. Differentiating (2.6) using (2.7) we get 
Ulpy Ipy _ Q 
dV,,y V,,y 
or 
AG + G = 0 (2.8) 
where 
AG = —'-^ is the incremental conductance and 
dv,,y 
G = -^^ is the Instantaneous conductance at the current operating point. 
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Equation (2.8) is satisfied if the operating point coincides with the MPP 
where -^-^ = 0. For an operating point on the left of MPP in the P-V plane ,where 
dp,,,-
> 0 , 
dv,.,,. 
AG + G>0 (2.9) 
Similarly, on the right side of the MPP, where ''" < 0, 
dvpy 
AG + G<0 (2.10) 
Therefore, if the sum of the incremental conductance and the instantaneous 
conductance is zero, it is imperative that the MPP has been reached. On the other 
hand if the above sum is less than zero, the operating voltage should be decreased. 
Similarly if the sum is more than zero, the operating voltage should be increased. 
The flowchart of the algorithm is shown in Figure 2.10. The algorithm starts 
its cycle by obtaining the present values of the array voltage and current, V and /, 
respectively. The incremental changes in voltage and currents are calculated using 
their values stored at the end of preceding cycle (Vp and Ip) as dV = V-V^ and 
dl = 1-1^. The main check is carried out by comparing dl/dV against -I/V , and 
accordingly the control reference voltage Vr is adjusted to move the array terminal 
voltage towards the MPP voltage. At the MPP, dl/dV = -I/V, no control action is 
needed, therefore the adjustment stage is bypassed. In the event of zero incremental 
voltage (dV-0), change in ambient condition is detected by dl ^0 and reference 
voltage is adjusted as shown in the flowchart. 
Incremental conductance method is superior to the P&O algorithm as far as 
tracking efficiency is concerned [Hua, 1998a,], [Hua, 1998b], [Hohm, 2000]. The 
tracking efficiency of a maximum power point tracker is defined as 
' 2 
rj = \ (2.11) 
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where ;7„^ „,„, is actual power produced by the PV array under the control of the MPPT 
and p^^ is the maximum power that the array could produce under the given 
temperature and insolation. 
By means of the INC algorithm it is theoretically possible to know when the 
MPP has been reached and therefore when the perturbation can be stopped. However, 
because of approximation made in calculation of dV and dL the condition 
AG + G = 0, is seldom achieved [Hussein, 1995]. The condition is usually required 
to be approximately satisfied within a given accuracy, G. With this approximation, 
(2.8)-(2.10) are modified as: 
-e<AG + G<e attheMPP (2.11) 
AG + G >e on the left side of the MPP (2.13) 
AG + G < - e on the right side of the MPP (2.14) 
It may be concluded from the above discussion that with the INC algorithm, 
the operating point can never be exactly coincident with the MPP. It rather oscillates 
around the MPP. Therefore, the problem of oscillations around the MPP, which exists 
in the P&O algorithm, is not completely solved by the INC algorithm. Moreover, a 
disadvantage of INC algorithm with respect to the P&O algorithm is in the increased 
hardware and software complexity. An increased hardware complexity results in 
increased cost whereas complex software increases the computational time of the 
algorithm. 
2.5.3 Indirect methods 
Both P&O and INC algorithms (sub-sections 2.5.1 and 2.5.2), track the true 
MPP without any knowledge of the i-v characteristics of the PV array. These methods 
require large computation time to calculate the array power or incremental 
conductance. In indirect methods, the knowledge of the i-v characteristics of the PV 
array is utilized to relate the MPP voltage or current to the open-circuit voltage of the 
PV array [Enslin, 1997], short-circuit current of the PV array [Alghuwainem, 1996], 
or the load current [Muhida, 2003]. These methods are described in this sub-section. 
The i-v characteristic equation of a PV cell given in (2.1), can be simplified 
assuming infinite shunt resistance, Rsi,- Thus 
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i,„^I,-I„{e'^""'-^'''^-\) (2.15) 
1 
where K 
TjkT 
The Equation (2.15) can be written as 
V,,,. =K\n 
V h J '''''^' (2.16) 
At maximum power point 
d 
dim-
Therefore, 
{vfv '•/..) = 0 
Vp, +h'v-f^ = ^ (2.17) 
For a PV array with A: = 23.68, i?, =0.9Q and /„= 0.009^, using (2.15) 
and (2.16), (2.17) can be written as [Alghuwainem, 1994]: 
In ^/-/.ax+0-009 
0.009 
- 0-076/^^ ^-^ = 0 (2.18) 
/ , - / _ + 0 . 0 0 9 ^ ^ 
where I^^ is PV array current at the MPP. 
Equation (2.18) can be solved for /^^ using iterative methods for different 
values of /,. The plot of resulting values of I^^ against /, is found to be a linear 
curve which is approximated by 
4a. =0.85/, (2.19) 
As //, the light generated current, is nearly equal to the short-circuit current, 
/^ .^ of the PV array, (2.19) can be written as 
Anav = 0-85/,, (2.20) 
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Therefore, for maximum power, the current drawn from the PV array should 
be directly proportional to its short-circuit current 
/ .ax=^rA. (2.21) 
where M^. is called the current factor. 
A similar approach can be adopted to show a linear relation between the 
maximum power point voltage and the open-circuit voltage of the PV array [Masoum, 
1998]. The relation can be written as 
Vr.^=MyV^c (2.22) 
where My is called the voltage factor. 
Equation (2.21) forms the basis of current based maximum power point 
tracker (CMPPT). The current signal is obtained by connecting a current shunt at the 
output of the PV array as shown in Figure 2.11. The short-circuit current signal is 
obtained by measuring the voltage across a current shunt that is connected across the 
PV array after the control circuit disconnects the load from the PV array. This is done 
after regular intervals and the sampled short-circuit current signal is stored for 
calculation of MPP current signal by the control circuit as per the condition of (2.21). 
The control circuit compares the PV array current signal and MPP current signal and 
generates a PWM signal for the dc-dc converter so as to make i,,y = I^^^. 
In voltage based MPP tracking (VMPPT) technique, the open-circuit voltage 
is sensed by disconnecting the load from the PV array after regular intervals. The 
open-circuit voltage is stored and used to calculate the MPP voltage as per the 
condition of (2.22). The control circuit compares the PV array voltage signal and 
MPP voltage signal and generates a PWM signal for the dc-dc converter so as to make 
Both voltage and current based tracking techniques are fast, practical and 
powerful methods for MPP estimation of PV arrays under all insolation and 
temperature conditions. Both the methods were implemented using a microcontroller 
[Masoum, 2002b] and it was concluded that 
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(i) The linear current function used by CMPPT technique is more accurate 
approximation of the actual nonlinear PV characteristics compared to linear 
voltage function of the VMPPT technique, 
(ii) Online measurement of PV short-circuit current and output current makes 
CMPPT hardware more complicated and expensive compared with VMPPT 
circuitry requiring voltage measurements only, 
(iii) VMPPT technique is more efficient and has less circuit losses. 
It may be concluded that VMPPT technique requires cheaper circuitry and 
gives better overall performance (efficiency and noise). 
It has been proposed (theoretically) that voltage based tracking algorithm 
can be combined with P&O algorithm for more accurate tracking [Ashraf, 2005]. 
Voltage and current based Maximum power point tracking techniques can 
further be simplified by taking a constant value of voltage or current reference 
which corresponds to the MPP voltage or current under specific atmospheric 
condition [Maheshappa, 1998]. This method is a simple open loop method. 
However it is not accurate as it does not take into account the effects of 
temperature and irradiation variations. 
In another method [Bodur, 1994], the i-v characteristics of the PV panel is 
obtained after regular intervals. An analog computing unit processes the 
characteristics curve to achieve and the maximum power point voltage Vmax-
During the next operation period of the chopper unit, a PI controller keeps the 
Panel voltage equal to V^ca- The drawback of this method is that the supply to the 
load is interrupted regularly (for 50 ms period) to obtain the i-v characteristics of 
the PV panel. 
For a constant load voltage applications (i.e. battery charging), the power 
delivered to the load can be maximized by maximizing the load current. This 
concept is used in [Enslin, 1992], [Snyman, 1993], [Teulings, 1993], [Wolf, 1993] 
and [Sullivan, 1993] for tracking the MPP. In [Muhida, 2003], the voltage 
proportional to the load current, Vc is compared with the reference voltage and the 
error signal is given to a PI controller that changes the duty ratio of the dc-dc 
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converter to minimize the error. The reference vohage is kept higher than the 
maximum possible value of Vc. Therefore, the load current is maximized under all 
conditions. It is shown that with this algorithm, only 0.15 % energy is lost due to 
tracking imprecision [Sullivan, 1993]. 
It has been shown that for non-negative impedance loads (except for 
voltage source or current source type loads), the output power is monotonically 
increasing function of both load voltage and load current [Shmilovitz, 2005]. In 
case of voltage source type load the load power is proportional to the load current, 
whereas in the case of current source type load the load power is proportional to 
the load voltage. Therefore, single output parameter control is sufficient to deliver 
maximum power to the load. This obviates the need of multiplier, which results in 
simpler hardware in case of analog MPPTs and a simpler algorithm in case of 
digital MPPTs. 
2.5.4 Neural network aud fuzzy controller based methods 
The maximum power point of a PV array depends on ambient conditions such 
as insolation and temperature. Using information about the ambient conditions, an 
artificial neural network (ANN) or a fuzzy controller can be used to identify the MPP. 
As the changes in environmental factors are reflected in the open-circuit voltage and 
short-circuit current of the PV array, these quantities can also be used for prediction 
of the MPP. Reference [Hiyama, 1995a] has used ANN to predict the MPP voltage 
Vmax using information about the open-circuit voltage of the PV module. The MPP 
current I^ax is obtained using (2.21) and the maximum power is calculated by 
multiplying V^ax and Imax- The proposed scheme has been implemented using a PC 
based PI controller [Hiyama, 1995b]. The predicted maximum power quite accurately 
matches with the measured maximum power. In [Hiyama, 1997], the environmental 
factors (insolation, temperature and wind velocity) are used as inputs to the ANN for 
prediction of maximum power from the PV array. The MPP of a PV array can also be 
predicted using a fuzzy controller [Wilamowski, 2002], [Won, 1994], [Senjyu, 1994.], 
[Kottas, 2006]. 
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The ANN or fuzzy controller based maximum power point trackers operate on 
the basis of stored data of/-v characteristics. The nonlinear and time varying nature of 
solar cells and their great dependency on irradiation and temperature levels as well as 
degradation (due to aging and dirt) effects make it difficult to record and store all 
possible system conditions. Moreover the complex control system and hardware 
makes the system practically unsuitable for application in remote area or unattended 
conditions. 
2.6 Summary 
A comprehensive literature review related to photovoltaic systems has been 
presented in this chapter. It has been shown that the i-v characteristics of a PV source 
is nonlinear and weather dependant. It is very much different from those of the 
conventional electrical power generators. Because of high capital cost of PV 
generators, it is extremely important to fully utilize its capacity. For this, the load 
characteristics should match with that of PV source such that maximum available 
power is drawn under all the operating conditions. 
The various techniques adopted in the literature to solve the load matching 
problem have been presented. One simple technique is to adjust the orientation and/or 
change the configuration of the PV array with the changing ambient condition. This 
approach is simple but gives only approximate matching. For more accurate 
matching, maximum power point trackers are used. 
The maximum power point tracking techniques available in the literature have 
been presented. The P&O technique and incremental conductance techniques require 
calculation of power and incremental conductance respectively. Therefore these 
techniques require more computational time and complex circuitr>'. The indirect 
methods (VMPPT method and CMPPT method), which use the knowledge of the i-v 
characteristics of the PV array, to approximately locate the MPP, are fast methods and 
require simpler hardware. Out of the two indirect methods, VMPPT method requires 
cheaper circuitry and gives better performance. Further work is required to improve 
the performance and reduce the cost of these maximum power point trackers. 
The ANN or fuzzy controller based maximum power point trackers, which 
operate on the basis of stored data of i-v characteristics use complex control system 
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and hardware and are unsuitable for application in remote area or unattended 
conditions. Moreover make it is difficult to record and store data for' all possible 
system conditions. 
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CHAPTER 3 
Microcontroller-Based Maximum Power Point 
Tracker 
3.1 Introduction 
The need of using a maximum power tracking circuit for tapping maximum 
power from a solar photovoltaic generator has been explained in chapter 2. The 
different maximum power point tracking techniques and their relative merits and 
demerits were also discussed. It was concluded that further improvement is still 
necessary. This chapter presents development of a microcontroller based maximum 
power point tracker. Two tracking algorithms, namely, perturb & observation 
algorithm and maximum power point voltage algorithm are implemented. The 
performances of the two algorithms are compared. Inaccuracies in the two algorithms 
and the causes of errors have been identified. Thereafter, a novel hybrid algorithm 
that overcomes the drawbacks of the two algorithms has been proposed and 
implemented. The performance of the proposed algorithm has been studied and 
presented. 
3.2 System description 
The block-diagram of the PV system with maximum power point tracker is 
shown in Figure 3.1. A step down dc-dc converter is interfaced between the PV panel 
and the load. The different parts of this system are described in the following 
subsections: 
3.2.1 Photovoltaic Panel 
The photograph of the PV panel used for the experimental analysis is shown in 
Figure 3.2. The PV panel (Model No. SW 900), manufactured by Central Electronics 
Limited, Sahibabad, India, consists of 24 PV modules each of 
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Figure 3.1 Block diagram of PV system with maximum power point tracker. 
Figure 3.2 Pliotograpii of the PV panel used for experimental analysis. 
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37.5 Wp (nominal). The modules are made up of suitable number of single crystalline 
silicon solar cells connected in series and hermetically sealed between a highly 
transparent toughened-glass and an encapsulating material. The PV modules are 
divided into six strings, each string consisting of four series connected modules. Two 
parallel-connected strings are used as main PV panel, while one string is used as pilot 
PV panel. 
3.2.2 Converter circuit 
The converter circuit consists of a step-down dc-dc converter (chopper) as 
shown in Figure 3.3. The chopper uses a power MOSFET, IRFP250N from 
International Rectifier, as the switching device. The device is rated for 200V and 30A 
with on-state resistance as 0.075Q. Its snubber circuit consists of a series RC circuit 
with a diode connected across the resistance, as shown in Figure 3.3. A 500 jiF 
capacitor is connected across the PV panel. The capacitor stores energy during OFF 
period of the chopper. A freewheeling diode, DF is connected across the load. 
3.2.3 Driver circuit 
A power MOSFET has three parasitic device capacitances namely, gate to 
drain capacitance, Cgd, gate to source capacitance, Cgs, and drain to source 
capacitance, Cds, as shown in Figure 3.4. These capacitances play important role 
during turn-on and turn-off periods of the device. Out of these capacitances, the role 
of Cgd is the most significant. 
When a high signal (say 12 volts signal) is available at the gate terminal of the 
MOSFET, the device is in ON state and the drain to source voltage is very low. Under 
this condition, the potential at the drain terminal, D, is near ground potential. 
Capacitor Cgd and Cgs both are charged to 12 volts. When the signal at the gate 
terminal is reduced to zero the device switches off and the potential of the drain 
terminal, D, swings to the level of VDD (say 100 V). The capacitor Cgd charges to 100 
volts. Therefore, a charging current flows from FDD through Cgd to the gate terminal, 
G. Thus the driver circuit should offer zero or very low impedance (sink) for quick 
charging of Cgd. It causes fast turn off. Similarly, the capacitor Cgs discharges to zero 
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Figure 3.4 The parasitic capacitances of a MOSFET. 
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volt through the driver circuit. The driver circuit must have enough sink capability for 
quick charging of Cgd and discharging of Cgs. 
When the 12 volt signal is again available at the gate terminal, G of the 
MOSFET, the device turns on and the potential of the point D swings back to ground 
potential. The driver circuit supplies a positive current first to discharge the capacitor 
Cgd to ground or zero potential and then continues to charge it up to 12 volts with 
reverse polarity (positive at the gate side). Also, the capacitor Cgs again gets charged 
to 12 volts. The driver circuit must have enough source capability to allow quick 
charging of these capacitors. Thus, both source and sink capabilities should be high. 
Although IC based driver circuits (e.g. IR2100 series) are available for driving 
MOSFET and IGBT but these are not practically found to be robust. So these circuits 
are not suitable for operation in worst ambient/weather conditions and outdoor 
applications. Therefore, for the present work, a simple, cheap and robust driver circuit 
is designed for the MOSFET. The circuit uses two npn transistors (SL-100) and three 
diodes (lN-4001) as shown in Figure 3.5. When input signal is low, the transistor Ti is 
OFF and the potential of point 'a' is at the level of biasing voltage Vcc- This turns on 
the transistor T2 and the output signal goes high and the MOSFET turns on. The 
MOSFET capacitors are charged through T2. When input signal becomes high, the 
transistor T| conducts and point 'a' comes to nearly the ground potential. This turns 
off T2. The potential at the output terminal of the circuit goes low and the MOSFET 
turns off The discharge currents of the MOSFET capacitors flow through Di and Ti. 
3.2.4 Voltage and current sensing circuits 
These circuits generate analog voltage signals proportional to the output 
voltage and output current of the PV panel. These analog signals should have a 
magnitude less than 5 volts as per requirement of the control circuit. As the panel 
output voltage is almost ripple-free dc in nature, a potential divider network is used to 
generate an analog voltage signal proportional to the PV panel voltage. 
The PV panel output current, which is also the input current of the converter, 
has a discontinuous pulse type waveform. To get a voltage signal proportional to the 
average value of the current a Hall-effect sensor can be used. However, Hall-effect 
sensors are costly. To reduce the overall cost of the system, a very low value current 
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Figure 3.5 The circuit designed for driving the MOSFET. 
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shunt (5A, 50 tnV) is used to generate a voltage signal proportional to the converter 
input current. This small voltage signal is amplified using an operational amplifier. 
The amplified signal is filtered using a low-pass filter to generate a dc signal 
corresponding to the average value of input current. The current sensing circuit is 
shown in Figure 3.6. 
3.2.5 Control circuit 
The function of the control circuit is to perform necessary calculations 
required by the chosen algorithm and generate pulse width modulated (PWM) signal 
for the converter. The two components of the control circuit are an analog to digital 
(A/D) converter and a microcontroller kit (Figure 3.7). 
A/D converter: The signals generated by the voltage and current sensing 
circuits are converted into digital signals by an 8-bit, 8-channel 809 A/D 
converter. The A/D converter uses successive approximation method to give 
8-bit digital signals corresponding to the input analog signals. 
Microcontroller kit: A Dynalog microcontroller kit (DYNA-51) is used to 
perform calculations required by the chosen algorithm and generate a PWM 
signal for the converter. The kit consists of an 8 bit, 12 MHz, 8051 
microcontroller, 32 kB EPROM, 32 kB DATA RAM and two 8255 
programmable peripheral interfaces (PPIs) which are used as parallel I/O 
interface. One PPI is used to input the digital signals generated by the A/D 
converter and the other PPI is used to output the PWM signal generated by the 
microcontroller. 
3.3 Perturb and observation method 
In perturb and observation (P&O) method the current drawn from the PV 
panel is perturbed by changing the duty ratio of the dc-dc converter and the resulting 
output power is observed. If an increased duty ratio results in higher power, it is 
further increased till the output power begins to decline. On the other hand, if an 
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increase in duty ratio results in lower power than before, then the duty ratio is 
decreased until power output stops increasing and begins to go down. 
In the present work, the perturb and observation method is implemented using 
the system shown in Figure 3.7. The microcontroller generates a PWM signal with 
duty ratio, d and sends it to the MOSFET driver through PPI. The MOSFET starts 
operating with duty ratio d and the PV panel current and voltage achieve a particular 
value. The voltage and current sensors provide analog signals proportional to the 
panel voltage and current, respectively, to the A/D converter. The corresponding 
digital signals are received by the microcontroller through the PPI. The 
microcontroller multiplies them to calculate the power. The duty ratio of the PWM 
signal is then increased by a factor a. The voltage and current are again sensed and 
power is calculated. The new power is compared with the previous power. If the new 
power is more than the previous power, the duty ratio is further increased. On the 
other hand, if an increased duty ratio results in less power than before, then the duty 
ratio is decreased until power output stops increasing and begins to go down. The 
flowchart for this algorithm is shown in Figure 3.8. 
The performance of the MPPT was tested under varying load and insolation 
conditions. The load condition was changed and the load current was increased by 
reducing the load-resistance to a half by closing a switch. The waveforms of the panel 
voltage, current, and power were recorded using a Digital Oscilloscope (Tek 
THS720P with two isolated inputs). Figure 3.9 shows the waveforms when the load 
resistance is reduced to a half at the instant shown by the dotted cursor. The tracking 
time is observed to be 25.82 s with the step size a = 1 (Figure 3.9a). The tracking time 
reduces to 6.22 s with a = 2 (Figure 3.9b) and to 1.644 s with a = 4 (Figure 3.9c). 
However, with the increased step sizes, the magnitudes of oscillations around the 
MPP increase, resulting in continuous loss of generated power. The increase in 
magnitudes of oscillations is more obvious from the current waveforms (middle 
traces). Therefore, to minimize the oscillations around the MPP, the step-size should 
be kept low at the cost of increased tracking time. 
Figure 3.10 shows the waveforms of the panel voltage, current, and power 
after the insolation was increased at the instant shown by the dotted cursor. The 
insolation was increased by suddenly changing the orientation of the PV panel. 
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Figure 3.8 Flow chart for Perturb and Observation method. 
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It may be observed that the tracking time of the MPPT is 15.22 s with the step-size of 
the P&O algorithm is taken to be unity. The recorded time includes the time required 
to change the orientation of the PV panel.-
3.4 Maximum Power Point Voltage Method 
The voltage, F,„a., at which the solar panel gives maximum power, can be 
linked to the open-circuit voltage. Voc of the panel. It has been shown analytically in 
[Masoum, 1998] that there exists almost a linear relation between V„,ax and Voc-
^.ax =M^.V„, (3.1) 
A/v is called the voltage factor and has different values for different solar panels. 
To experimentally verily the linear relation between F,„aj and Voc, one of the 
modules of the PV panel was tested under varying insolation conditions. Figure 3.11 
shows the experimental set up to obtain the i-v characteristics of the PV module. The 
load resistance was varied to record the module voltage, Vpv for different values of 
current, /py. The switch, S was opened to record the open-circuit voltage of the 
module. The module output power p^^, = v^ ,, x i^, was plotted against the voltage, Vpv. 
The module MPP voltage corresponding to the maximum power output was obtained 
from the graph. 
The PV module was kept at various orientations to change the effective 
insolation level. The MPP voltage and the open-circuit voltage were obtained for each 
insolation level as explained above. The experimental MPP voltage is plotted in 
Figure 3.12 against the open-circuit voltage of the module. Almost linear variation of 
the MPP voltage with respect to the open-circuit voltage can be observed. The 
computed MPP voltage in accordance with (3.1) is close to the experimental values as 
shown in Figure 3.12. Here Mv is found as 0.79. 
The percentage error in the theoretical MPP voltage Fmax-r (linear 
approximation) can be written as 
V -V Percentage Error {V) = '"^-''' • ""^-'^ x 100 (3.2) 
max-/:' 
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Figure 3.11 Experimental set up to obtain the i-v characteristics of the PV module. 
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where Vmax-E is the experimental MPP voltage. 
The percentage error in the theoretical MPP voltage is plotted against the 
experimental MPP voltage in Figure 3.13. It can be observed that the error lies in a 
narrow range of -1.64% to 1 %. 
To investigate the percentage error in the output power of the PV panel, due to 
the error in the operating voltage, the panel was operated at different voltages around 
the MPP voltage, then the output power, P/.i, was determined at each operating point. 
The percentage error in the output power can be obtained as 
P - P Percentage Error {P) = -^ — x 100 (3.3) 
max 
where /*ma\ is the maximum output power. 
The percentage error in the output power is plotted against the percentage 
error in the operating voltage, as shown in Figure 3.14. It can be observed that for the 
possible deviation in the operating voltage from the MPP voltage (-1.64% to 1%), the 
deviation in output power from the maximum power is less than 2%. Thus, it may be 
concluded that if the PV panel is operated at a voltage equal to 79% of its open-circuit 
voltage, the power output will be more than 98%) of the maximum possible power 
output, while the ambient condition may change over a wide range. 
To operate the panel at the MPP voltage, the actual PV panel voltage, Vp, is 
compared with the reference voltage, Vre/, which corresponds to MPP voltage. The 
error signal is processed to make Vpy = V^ef. In earlier works, the panel is disconnected 
from the load momentarily to measure the open-circuit voltage [Harada. 1993]. 
[Masoum, 2004]. The measured V„c is stored and used for calculation of the reference 
voltage. The drawback of this method is that the power delivered to the load falls to 
zero during the sampling period. Moreover, the atmospheric conditions may change 
during the different sampling intervals and the PV panel may operate at a voltage 
other than the MPP voltage. Both these factors contribute to a reduced power output 
from the PV panel. 
In the present work, a pilot PV panel is used to measure the open-circuit 
voltage. The pilot PV panel, which has a characteristic similar to that of main PV 
panel, is keplaX no-load. A fraction of the open-circuit output voltage of the pilot PV 
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panel, which corresponds to MPP voltage, is used as the reference voltage, Vref. The 
voltage signals, Vp^ from the main PV panel and Vref from the pilot PV panel are given 
to the A/D converter. The corresponding digital signals are given to the 
microcontroller, as shown in Figure 3.15. The microcontroller compares the two 
signals. If Vpv> Vref, the duty ratio of the dc/dc converter is increased and if Vpy < Vref 
the duty ratio of the dc-dc converter is decreased. Thus the duty ratio of the dc-dc 
converter is adjusted to make the PV panel voltage equal to the MPP voltage. The 
algorithm is shown in the flowchart of Figure 3.16. 
The performance of the MPPT was tested under varying load and insolation 
conditions. The load was increased by reducing the load-resistance to a half by 
closing a switch. The waveforms were recorded. Figure 3.17 shows the waveforms of 
the panel voltage, current, and power when the load resistance is reduced to a half at 
the instant shown by the dotted cursor. The tracking time is observed to be 0.444 s. 
Figure 3.18 shows the waveforms of the panel voltage, current, and power 
when the insolation was increased at the instant shown by the dotted cursor. The 
insolation was increased by suddenly changing the orientation of the PV panel. It may 
be observed that the tracking time of the MPPT is 3.048 s. The recorded time includes 
the time required to change the orientation of the PV panel. 
It can be observed from Figures 3.17 and 3.18 that with the change in ambient 
and load conditions, the MPP is tracked very fast. Moreover, the operating point does 
not oscillate around the MPP. 
3.5 Proposed Hybrid Algorithm 
The P&O method is quite accurate as it tracks the actual MPP. However, the 
method suffers from a drawback that it takes significant time to track the MPP. 
Moreover, the operating point oscillates around the MPP. The large tracking time and 
oscillations around the MPP result in loss of output power during the tracking process. 
The wastage of power is more significant in rapidly changing ambient condition, as 
the controller has to search for new MPP more frequently. On the other hand, with the 
MPPV algorithm, the MPP is tracked very quickly. This method is however 
approximate and the operating point obtained may not necessarily be the maximum 
power point. Thus there is a loss of generated power. This method can be used where 
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the ambient conditions do not vary over a wide range. Thus, another method is 
necessary that tracks MPP accurately and quickly without too much oscillation around 
the MPP. 
The proposed scheme is a combination of the MPPV method and P&O 
method. The scheme is implemented using the system shown in Figure 3.19. An 
approximate operating point is first obtained by the MPPV method. The 
microcontroller changes the duty ratio of the converter such that the operating point is 
near the voltage V^ax that is a fixed percentage of the open-circuit voltage of the PV 
panel. As the PV panel voltage reaches in a narrow range around V„,ax, the P&O 
algorithm comes into action. Thereafter, the actual MPP is tracked using P&O 
algorithm. Therefore, this method tracks the MPP in two stages. In the first stage, 
coarse tuning is done by the MPPV algorithm and in the second stage, P&O algorithm 
does the fine-tuning. The algorithm keeps the operating point within a narrow range 
around the MPP. Therefore, oscillations around the MPP have small magnitudes. 
Thus, the proposed method is fast because of use of the MPPV algorithm and also 
accurate due to the use of P&O algorithm. The flow chart for the proposed scheme is 
shown in Figure 3.20. 
The performance of the MPPT was tested under varying insolation and load 
conditions. The insolation was changed by changing the orientation of the PV panel. 
The waveforms of the panel voltage, current, and power were recorded. Figure 3.21 
shows the waveforms of voltage, current and output power of the PV panel when the 
insolation was changed. With the proposed algorithm, the controller quickly (4.08s) 
reaches very near the MPP using the MPPV algorithm and then the true MPP is 
tracked using the P&O algorithm in 12.25s. The recorded tracking times includes the 
time required to change orientation of the PV panel. 
Figure 3.22 shows the waveforms when the load resistance was reduced to a 
half The tracking time with the proposed algorithm, can be observed to be 8.888 s. 
Thus the controller quickly locks to the required MPP voltage and generates 
maximum power. 
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3.6 Comparison of P&O, MPPV, and Hybrid algorithm 
The time taken in tracking the MPP for a changed condition using the P&O 
algorithm, the MPPV algorithm, and the hybrid algorithm are tabulated in Table 3.1. 
It can be observed that the controller takes significant time (a few tens of seconds) to 
track the new MPP using the P&O algorithm. During this period a significant amount 
of power is wasted. Also, due to oscillations around the MPP, there is continuous loss 
of power. 
With the MPPV algorithm, the MPP is tracked very quickly. It takes 0.444 s 
for load change and 3.048 s for insolation change. Moreover there is no oscillation 
around the MPP. This is due to the simple algorithm, which does not require 
calculation of power. Since the power calculation is not required, the need of a current 
sensor is eliminated. This, not only reduces the total cost but also reduces the overall 
power loss of the maximum power point tracking system. The main drawback of this 
algorithm is that, the operating point tracked is not necessarily the true MPP and the 
power obtained from the PV panel may be less than the maximum available power. A 
maximum deviation of 2% from the maximum power is possible, as investigated in 
section 3.4. 
With the proposed hybrid algorithm, the operating point reaches very near to 
the MPP in a few seconds only using MPPV algorithm, and then the true MPP is 
tracked slowly using P&O algorithm. The overall tracking time is less than the P&O 
algorithm but more than the MPPV algorithm. As the operating point is very near to 
true MPP while the accurate tracking is done using the P&O algorithm, there is no 
significant loss of power. Also, the oscillations around the MPP have small magnitude 
as the PV panel voltage oscillates within a narrow range around the MPP, specified by 
the tolerance limit, e. 
Tracking 
Algorithm 
P&O 
MPPV 
Hybrid 
Table 3.1 
Tracking Time (seconds) 
With increase in load 
25.82 
0.444 
8.888 
With increase in insolation 
15.22 
3.048 
12.25 
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3.7 Conclusion 
In this chapter, a microcontroller based maximum power point tracker has been 
realized and tested. Two tracking algorithms, namely, perturb and observation 
algorithm and maximum power point voltage algorithm are implemented. A novel 
hybrid algorithm that combines the above mentioned algorithms has been proposed 
and implemented. The MPPT was tested under changing insolation and load 
conditions. Following conclusions are drawn: 
1. The P&O algorithm is accurate as it tracks the true MPP under all the load and 
ambient conditions. However, the algorithm takes few tens of seconds to track 
the MPP. This results in significant loss of power, especially under frequently 
changing ambient conditions such as the conditions of passing clouds. 
Moreover, the operating point continuously oscillates around the MPP. 
2. The MPPV algorithm is fast. The operating point is tracked in fraction of 
seconds. This method is simple to implement. However, the method is 
inaccurate as the actual MPP voltage may be slightly different from a fixed 
fraction of the open-circuit voltage. 
3. The proposed hybrid algorithm forces the operating point very near to the MPP 
using the MPPV algorithm within a few seconds. The true MPP is then tracked 
using the P&O algorithm. The method is therefore, fast and accurate. The 
magnitudes of oscillations around the MPP are also minimized. This method is 
very attractive for frequently changing ambient conditions including the 
conditions of passing clouds. 
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CHAPTER 4 
Analog Maximum Power Point Tracker 
4.1 Introduction 
It was concluded in chapter 3 that the maximum power point voltage (MPPV) 
algorithm is fairly accurate and is much faster as compared to the perturb and 
observation (P&O) algorithm. Since the MPPV algorithm does not require 
multiplication of voltage and current to calculate the power, this control strategy can 
easily be implemented by an analog circuit. 
In this chapter, a simple and cheap analog circuit is proposed to implement the 
MPPV algorithm. The circuit is first simulated using MATLAB Simulink software 
and then it is practically realized. The realized circuit is tested under different ambient 
and load conditions. The simulation and experimental resuhs are presented. 
4.2 Working principle of the analog MPPT 
In the proposed analog MPPT, the PV panel is operated at its maximum power 
point voltage, which is a fixed percentage of the panel open-circuit voltage. The 
schematic diagram of the proposed analog MPPT is shown in Figure 4.1. A pilot PV 
panel is used to measure the open-circuit voltage. The pilot PV panel, which has a 
characteristic similar to that of main PV panel, is kept at no-load condition. A fraction 
of the open- circuit voltage of the pilot PV panel, which corresponds to MPP voltage, 
is used as the reference voltage. The error signal is amplified using a difference 
amplifier. The amplified error signal is integrated to get a variable reference signal for 
an OP-AMP based comparator. The comparator compares the reference signal with a 
high frequency (1 kHz) triangular wave. The pulse width modulated (PWM) output is 
used to drive the MOSFET of a step-down dc-dc converter. The dut}' cycle of the 
converter changes till the PV panel voltage becomes equal to the MPP voltage. 
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Figure 4.1 Block diagram of the proposed analog MPPT. 
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4.3 Simulation of the analog MPPT 
The proposed analog MPPT is simulated using MATLAB Simulink software. 
The PV panel is simulated based on actual data for i-v characteristics. The simulation 
was carried out with changing ambient and load conditions. The change in ambient 
condition was incorporated by using data for higher insolation after time t = 0.3 sec. 
To change the load condition, a load resistc^nce was arranged in parallel to the original 
load-resistance at t = 0.5 sec. 
The overall simulation model is shown in Figure 4.2. The inductor, L,n takes 
into account the line inductance of the c^ble. It is estimated to be 3jxH. The input 
capacitor, C,n is taken as 500 i^F. The simulation model consists of various subsystem 
blocks. These blocks are explained in the following sub-sections. 
4.3.1 PV panel block 
The PV panel block uses two look-up table bloifc, 1t^ 4;o multi-port s^'itcff 
blocks, a controlled voltage source block, and a diode as shown in.Figure^.3..,^^'^ 
The Look-Up Table block computes an approximation to some function y = 
f(x) for given data vectors x and y. We define the table by specifying the PV panel 
current as the vector of input values parameter and the corresponding PV panel 
voltage as the vector of output values parameter. The data were obtained by loading 
the PV panel using a variable resistive load. The look-up table block generates the 
output which is based on the input values using interpolation-extrapolation method (it 
performs linear interpolation and extrapolation of the inputs). If a value matches the 
block's input, the output is the corresponding element in the output vector. If no value 
matches the block's input, then the block performs linear interpolation between the 
two appropriate elements of the table to determine an output value. If the block input 
is less than the first or greater than the last input vector element, then the block 
extrapolates using the first two or last two points. 
The control input of the multi-port switch-1, AC, is generated using a step 
block and a summer as shown in Figure 4.2. The step-time of the step-function block 
is taken as 0.3 seconds. Before t = 0.3 sec, the output of the summer, which is also the 
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control input of the multi-port switch-1, is unity (i.e. AC = 1). At time t = 0.3 sec, the 
output of step block becomes unity and control input AC becomes equal to 2. 
If the control input of the multi-port switch-1, AC is unity, the value of PV 
panel voltage for low insolation condition (corresponding to the input PV panel 
current), is transferred to the output of the multi-port switch. Similarly, for AC = 2, 
the value of PV panel voltage for high insolation condition is transferred to the output 
of the multi-port switch. The controlled voltage source block provides a voltage 
source, controlled by the output of the multi-port switch. 
The multi-port switch-2 is used to provide the open-circuit voltage of the PV 
panel. If the control input, AC = 1, the open-circuit voltage of the PV panel 
corresponding to low insolation condition (i.e.71.2 V) is transferred to its output and 
if AC = 2, the open-circuit voltage corresponding to high insolation condition 
(i.e.74V) is available at the output. 
4.3.2 Difference amplifier block 
The difference amplifier block uses a sum block and a gain block, as shown in 
Figure 4.4. A fraction of the actual PV panel voltage forms the positive input of the 
sum block and the same fraction of the MPP voltage (80% of the open-circuit voltage) 
of the PV panel is the negative input of the sum block. The difference of the two 
signals is multiplied by 6 (i.e. the difference amplifier gain) using the gain block. 
4.3.3 Load block 
The load block consists of two 10-ohm resistances, an ideal switch block and a 
step block, as shown in Figure 4.5. The two levels of the step block are defined to be 
zero and one with a step time of 0.5 seconds. Therefore, before t = 0.5 sec, the step 
block output is zero (low) and the ideal switch is in the off state and only the load 
resistance R] is connected. At t = 0.5 sec, the step block output becomes unity (high) 
and the ideal switch connects the load resistance R2 across Ri. 
4.4 Working of the simulation model 
Before time t = 0.3 sec, the control input, AC, of the PV panel block is equal 
to one. For this value of AC, the first output of PV panel block, Vpv is the PV panel 
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voltage which corresponds to low insolation condition. The second output of the PV 
panel block, Voc is the open-circuit voltage of the PV panel for the same insolation. 
The voltage signal, Vpv-sig from the PV panel and the reference signal corresponding to 
80% of the open-circuit voltage, Vref-sig of the panel are given to the difference 
amplifier. If Vp^ .^ j^  > v^^f.^^^, the output of the difference amplifier is positive and the 
output of the integrator will increase. This output works as the reference signal, RS 
for the relational operator. The saturation block limits RS between zero and 12 volts 
(the amplitude of the triangular signal). The relational operator compares RS with the 
triangular signal Vtn and gives high input for the period for which RS > v^. An 
increase in RS results in increased high period of the pulse width modulated (PWM) 
output of the relational operator. This increases the on period of the MOSFET 
resulting in an increased effective load and a decreased output voltage of the PV 
panel. Under steady-state condition, the PV panel voltage becomes equal to the 
reference voltage that corresponds to the maximum power point (MPP) voltage of the 
PV panel. Similarly, if the PV panel voltage becomes less than the MPP voltage, the 
on period of the MOSFET decreases till the PV panel voltage becomes equal to the 
MPP voltage. 
At time t = 0.3 sec, the control input of the PV panel block, AC become 2 and 
the process repeats for higher insolation condition. At t = 0.5 sec, a resistance is 
connected in parallel to the original load resistance and the process is repeated for 
higher load condition. 
4.5 Simulation Results 
The simulation results are shown in Figures 4.6, 4.7, and 4.8. The waveforms 
of voltage, current and power of the PV panel are shown in Figure 4.6. Initially the 
input capacitor virtually short-circuits the PV source. As the capacitor gets charged, 
the PV panel voltage swings to its open-circuit voltage level (71.2 V) and the current 
falls to zero at t = 0.025 sec. At t = 0.06 sec, operation of the MOSFET begins and the 
PV panel voltage settles to the MPP voltage, which is 56.9 V. 
At t = 0.3 sec the insolation increases from 330 W/m^ to 800 W/m^ and the 
open-circuit voltage of the PV panel increases from 71.2 V to 74 V. The MPP voltage 
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changes from 56.96 V to 59.2 V. The pulse width of the dc-dc converter increases such 
that the PV panel voltage settles to a new MPP voltage. Similarly, at t = 0.5 sec the 
load resistance is reduced to a half which results in increase in output current and 
decrease in output voltage and power. The controller quickly decreases the pulse 
width such that the PV panel voltage and current again settle to their MPP values. The 
tracking time required by the controller is about 0.03 seconds. 
Figure 4.7 shows the waveform of the load voltage. It can be observed that the 
on-period of the dc-dc converter increases with the increase in insolation (Figure 4.7c) 
and decreases with the increase in load (Figure 4.7d). Figure 4.8 shows the waveforms 
of PV panel voltage and current on an amplified scale. It can be observed that the 
panel current rises and panel voltage falls during the on-period of the dc-dc converter. 
The reverse happens during the off-period of the converter. 
It may be concluded from the simulation results that the MPPT tracks the MPP 
under varying ambient and load conditions. The pulse widths of the dc-dc converter 
changes in response to changes in ambient and load conditions such that the PV panel 
voltage always remains the MPP voltage. The new operating point is tracked with in 
0.03 seconds. '"-
4.6 Construction of the analog MPPT 
The block diagram of the analog MPPT is shown in Figure 4.9. The system 
consists of a difference amplifier, an integrator, a comparator, MOSFET driver and 
the power circuit. Details of these blocks and their working are explained in the 
following subsections. 
4. 6.1 Difference amplifier 
Circuit of the difference amplifier is shown in Figure 4.10. The output voltage 
of this circuit [Sedra, 1998], is given by 
If we select R^ = R^ = R andi?, = R^ = R , then (4.1) can be written as 
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Figure 4,6 Simulation results of the proposed analog MPPT under varying ambient 
and load conditions (a) Output voltage of the PV panel (b) Output current 
of the PV panel (c) Output power of the PV panel. 
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v„,=f(v„-v.J (4.2) 
Here R is selected as 12 kQ and /? as 2 kQ. For these values 
\2. 
Or 
V«. =Yk--Vre/) 
v„,=6(v^,-^vj (4.3) 
4.6.2 Integrator 
Circuit of the integrator is shown in Figure 4.11. The circuit integrates and 
inverts the input signal. The output voltage of this circuit [Sedra, 1998]. is given by 
Vo2=-~]vo^{t}dt~V, (4.4) 
where F,. is the initial voltage across the capacitor. For selected values of 
C = 0.11/iF and R, = 1 OOkQ., (4.4) can be written as 
v„,=-90.9\jvJt).dt-V,. (4.5) 
0 
For positive value of v„, (i.e.v^, > v^^j^) the output voltage v,,^  decreases and 
for negative value of v,i (i-cv^,, < v^ ^^ ) v^ ,^  increases. Thus the output v„2 changes 
between -12V (the negative biasing voltage of the OPAMP) and +12 V (the positive 
biasing voltage of the OPAMP). The diode D clips the negative part and the voltage at 
the cathode of the diode, vj, can only vary from 0 to 12V. 
4. 6.3 Comparator 
The comparator circuit, shown in Figure 4.12, compares the inputs V2, at the 
non-inverting terminal and the triangular signal, v,r„ at the inverting terminal. If 
V, > v,^ ,, the output Vo3 saturates to the positive biasing voltage of the OP-AMP and if 
Vj < v,^ ,, v„3 saturates to the negative biasing voltage of the OP-AMP. Here the 
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R. 
Figure 4.11 Circuit of the integrator. 
"2 O 
Figure 4.12 Circuit of the comparator. 
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negative biasing terminal is grounded therefore v,,, =12Fif v^  > v,^ , and v^ ,, = 0 if 
4.7 Working of the analog circuit 
The overall control circuit of the MPPT is shown in Figure 4.13. In steady state, 
the output of the integrator, i':. has a constant value. The comparator compares V2 with 
the triangular signal, v,^ ,. The output of the comparator, Vos is a pulse type waveform 
as shown in Figure 4.14. This signal is given to the MOSFET driver. The SL-IOO 
based MOSFET driver, described in chapter 3 (section 3.2.3), gives high output when 
input is low and low output when input is high. Therefore, the signal available at the 
MOSFET gate, vc is an inverted Vgi signal, as shown in Figure 4.14. 
If the PV panel voltage signal decreases and becomes less than the reference 
signal, the output of the difference amplifier, Vgs becomes negative. For negative v„j, 
the output of the integrator, v? starts increasing, as shown in Figure 4.15. The increase 
in V2 results in increase in the width of the PWM signal Voj and decrease in the PWM 
signal available at the gate of the MOSFET. This results in decrease in the duty ratio 
of the dc-dc converter, resulting in decreased load on the PV panel. This results in 
decrease in the PV panel current and increase in PV panel voltage. The signal V2 
continues to increase till the PV panel voltage becomes equal to the reference voltage. 
Similarly, if the PV panel voltage becomes more than the reference voltage, the signal 
V2 decreases till the panel voltage becomes equal to the reference voltage. 
4.8 Experimental Results 
The performance of the MPPT was tested under varying insolation and load 
conditions. The insolation was changed by changing the orientation of the PV panel. 
The MPPT increases the duty ratio of the dc-dc converter such that the PV panel 
operates at its new MPP voltage. The steady state waveforms of the load voltage, 
before and after the increase in insolation, were recorded and are shown in 
Figure 4.16. 
The transient waveforms of the panel voltage, current, and power were also 
recorded using a digital oscilloscope. Figure 4.17 shows the waveforms after the 
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Figure 4.14 Generation of the gating signal for the MOSFET. 
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the output power (upper trace) of the PV panel after the insolation was 
increased (at the instant shown by bold cursor). 
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insolation was changed at the time instant shown by the bold cursor, it may be 
observed that the tracking time of the MPPT is 3.84 s. The recorded time includes the 
time required to change the orientation of the PV panel. 
Transients were also recorded for the change in load conditions. To double the 
load, one half of the original load resistance was bypassed by closing a switch. The 
MPPT decreases the duty ratio of the dc-dc converter to keep the effective load 
resistance constant (equal to the source resistance). The load voltage waveform, 
before and after the load is increased, is shown in Figure 4.18. 
Figure 4.19 shows the waveforms of the panel voltage, current, and power 
when the load resistance was reduced to a half. It can be observed that the with the 
sudden increase in load, the PV panel voltage decreases and the current increases 
momentarily before the MPPT adjusts the duty ratio of the dc-dc converter to bring 
back the operating point to the MPP. The whole process takes 88 ms. 
4.9 Conclusion 
Interfacing an MPPT between a PV panel and its load can maximize the power 
output from the panel. The MPPT forces the operating point towards the MPP by 
changing the duty ratio of a dc-dc converter. In this chapter, a low cost analog MPPT 
has been simulated and constructed. The MPP tracking algorithm is based on the fact 
that the MPP voltage is approximately a fixed percentage (equal to 80% for the PV 
panel used for experimental analysis) of the open-circuit voltage of the PV panel. An 
unloaded pilot PV panel, with characteristics similar to those of the main PV panel 
and installed under similar conditions, is used to measure the open-circuit voltage. 
The main PV panel is never disconnected from the load, resulting in sustained and 
increased energy output. The simulation and experimental results show that the panel 
tracks the MPP quickly, under changing insolation and load conditions. The tracking 
time for change in load is observed to be 88 ms. The corresponding tracking time was 
888 ms when the algorithm was implemented using a microcontroller as discussed in 
chapter 3. Thus, it may be concluded that the analog circuit tracks the MPP faster than 
the digital circuit. Moreover, both cost and power consumption in the controller 
circuit are reduced drastically. 
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CHAPTER 5 
Photovoltaic Water-Pumping System 
5.1 Introduction 
Application of PV generators for water pumping applications, especially in 
remote area of developing countries, has received much attention. Since the output of 
a PV generator is essentially do in nature, a dc motor is an obvious choice for the 
prime mover of the pump. This avoids the use of an inverter, which will be required to 
drive the induction motor in case the conventional water pumping systems is chosen. 
The dc motor option gives better overall efficiency for low power applications (less 
than 1 kW). Therefore, for low power applications dc motors are preferred in spite of 
maintenance problem. 
In order to match the characteristic of a dc motor with that of the PV source, 
the motor-pump system is judiciously chosen. The matching of separately excited and 
series excited dc motors with the PV array for maximum daily gross mechanical 
energy has been studied [Saied, 1988]. It has been shown that separately excited dc 
motors are more suitable for such applications. In [Khouzam, 1993] operations of 
shunt, series, and separately excited motor driving different types of mechanical loads 
are discussed. It has been concluded that a separately excited motor driving a 
centrifugal load is most compatible with the PV array. Matching of the motor-pump 
system with the solar array further improves by the use of dc compound motors 
(having both constant and series-excited field components) [Saied, 2002]. 
As a separately excited motor requires a separate PV source to energize the 
field winding, permanent magnet dc (PMDC) motor, is the most popular choice for 
water pumping using a PV source. Moreover, it avoids the losses of field excitation, 
thus efficiency improves. However, even with PMDC motors, perfect matching with 
the PV source is possible only at a unique ambient condition. Normally close 
matching takes place when insolation is high. High insolation condition occurs for a 
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short period of time only, therefore, sun tracking (a mechanical method) is employed 
which somehow improves the matching condition at low insolation. Normally, sun 
tracking PV panel panels are designed to manually change the orientation of PV 
panels three times a day to maximize the incident solar energy. By manual sun 
tracking 20% more output can be obtained as compared to fixed tilted PV panel 
[Kolhe, 2004]. An alternative method of improving the matching is to use different 
series-parallel array configurations for different ambient conditions [Salameh, 1990]. 
The methods discussed in the preceding paragraph provide only an 
approximate matching between PV source and the load. Even PMDC motors do not 
operate mostly near MPP. More accurate matching needs interfacing of a dc-dc 
converter between the PV source and the load. Reference [Alghuwainem, 1992] has 
suggested use step-up converter to operate a dc shunt motor and theoretically studied 
the steady-state analysis of the system. In another theoretical work, starting 
characteristics of dc series and separately excited motors were studied [Singer, 1993]. 
The study shows a significant improvement in the starting characteristics if a step-
down chopper is interfaced between the motor and the PV source. A step-up converter 
with current locked loop has been used for operation of a dc shunt motor driving a 
centrifugal pump [Alghuwainem, 1994]. 
In this chapter the performance of a directly coupled water-pumping system is 
studied. The system consists of a permanent magnet dc motor driving a centrifugal 
pump. The improvement in the performance of the water-pumping system with the 
use of the proposed maximum power point tracker is also investigated. Both type of 
water pumping systems are simulated using Simulink software and also 
experimentally realized in the laboratory. Theoretical and experimental results are 
presented. 
5.2 Directly coupled PMDC motor- pump system 
A PV powered PMDC motor driving a centrifugal pump is shown in Figure 
5.1. A PV source is a nonlinear, weather dependant power source. Therefore, analysis 
of the system is more complicated as compared to a constant voltage source powered 
water pumping system. 
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PMDC V A / P ) Centrifugal 
/ \ - r ^ pump 
Figure 5.1 Directly coupled water-pumping system. 
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The basic equations of a dc motor are given by 
e^=kg)(o (5.1) 
r,=k(pi^ (5.2) 
where 
eb is the baclc emf of the motor in volts, 
A: is a motor constant, 
(p is the flux per pole in Web/m ,^ 
(D is the motor speed in rad/sec, 
te is the electromagnetic torque developed by the motor in N-m, and 
ia is the armature current in amperes. 
For PMDC motor, which has constant flux, (5.1) and (5.2) can be written as 
e^=Kco (5.3) 
T.=Ki„ (5.4) 
where K = k<p. 
The motor voltage, Va is related to the back emf as 
v . = e , + / A (5.5) 
where Ra is the armature resistance. 
Under steady-state condition, the electromagnetic torque produced by the motor 
balances the load torque, xi and friction torque of the motor, T^, 
^e^-^L + ^M (5.6) 
The load torque for a centrifugal load is given by 
T,=T^+B,w + Da)'' (5.7) 
where yi and Bi are the coulomb friction torque and friction torque constant of the 
load, respectively. D is another constant of the load. 
The friction torque of the motor is given by 
^M=-^/M+Bj^(» (5.8) 
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where Tyji/ and B^ are the coulomb friction torque and friction torque constant of the 
motor respectively. 
Using (5.7) and (5.8), (5.6) can be written as: 
r.=[^ju + ^ A ) + ( 5 M +B,)CO + DCO' (5.9) 
Equation (5.9) gives operating characteristics of a centrifugal pump in 
mechanical plane (co-Tg plane). The characteristics may be transformed from 
mechanical plane to electrical plane (v-z plane) using the flowing steps: 
Step 1: For a current ia calculate Xg using (5.4). 
Step 2: Solve quadratic equation (5.9) to obtain co. 
Step 3: Calculate gfc using (5.3). 
Step 4: Calculate Va using (5.5). 
The water-pumping system used for theoretical study has the following 
parameters [Kolhe, 2004]: 
Electrical parameters: 
Rated voltage = 60 V. 
Rated current = 16.5 A. 
Rated speed = 272.3 rad./s. 
Ra = 0.8 n. 
La = 0.04 H. 
ii:= 0.175 V/(rad/sec). 
Mechanical parameters: 
ryM=0.08Nm. 
TjL = 0.\5Nm 
BM + BL = 0.001 Nm/(rad/sec). 
D = 1.6532 X 10~'Nm/(rad/sec)' 
J=0.024kg-m^ 
The armature voltages of the motor for different values of armature currents are 
obtained using above steps. The resulting v-i characteristics of the load are plotted 
along with the v-i and p-i characteristics of the PV source for four different ambient 
conditions in Figure 5.2. The characteristics of the PV panel are obtained 
experimentally. The intersection of the load and source v-i characteristics gives the 
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Current (A) 
(C) 
Current (A) 
(d) 
Figure 5.2 The v-; characteristics of the centrifugal load and the v-; and the p-i 
characteristics of the PV panel for (a) )L=850 W/m' (b) /.=638 W/m^ (c) 
}.=483 W/m^ (d) X = 300 W/ml 
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operating point. It can be observed from Figure 5.2a that for high insolation condition 
(>,=850 W/m^), the operating point is very near the maximum power point. The power 
output of the PV panel at the operating point is 522 W, which is 97.21 % of the 
maximum available power of 537 W. The operating point drifts away from the MPP 
as the light intensity reduces, as can be observed from Figure 5.2 b-d. The results 
from Figure 5.2 are summarized in Table 5.1. While the Panel delivers 97.21% of the 
available power at X,^ 850 W/m"^ , its output reduces to 54.6 % of the available power 
only, when the insolation is reduced to 300 W/m .^ 
Therefore, it is evident that a directly coupled PMDC motor driving a 
centrifugal pump operates near MPP at high insolation condition. If the insolation 
reduces, the operating point drifts away fi-om the MPP resulting in poor utilization of 
the capacity of the PV source. 
For transient analysis of the system, the voltage equation of the motor can be 
written as 
v , = e , + / A + 4 ^ (5.10) 
at 
where La is the self inductance of the armature winding and eb is given by (5.3). 
The dynamic equation of the motor-pump system is given by 
^ e - 7 L - r A / = - ^ - ^ (5-11) 
where J is the moment of inertia of the system in kg-m .^ Xe, TL, and TM can be found 
by (5.4), (5.7), and (5.8), respectively. 
The speed of the motor can be obtained using (5.11). 
'•^ = ^^-^,-^^^1 (5.12) 
The MATLAB Simulink is used for transient analysis of the system. Figure 
5.3a shows the simulation model of the PV powered water pumping system. The PV 
panel is simulated based on actual data for i-v characteristics as explained in chapter 
4. Details of motor-pump system block are shown in Figure 5.3b. The model 
implements the equations of the system described above using various functional 
blocks. 
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Table 5.1 
Ambient condition 
T=28 °C 
X,=638 W/m^ 
T=28 °C 
X=483 W/m^ 
T=27 °C 
X,=300 W/m^ 
T=26 °C 
Power output 
P 
522 
330 
213 
98 
Maximum 
available power 
t^max 
537 
402 
296 
179.5 
Utilization Factor 
P 
TIF vinn Pmax 
97.21 
82.09 
71.96 
54.6 
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Figure 5.3 Simulation of PV powered directly coupled PV powered water-pumping 
system (a) Complete model (b) Details of the motor-pump system. 
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Simulation was carried out for 40 seconds. Initially the motor is started with 
low insolation condition (A,=638 W/m^). At t = 20 sec, insolation is increased by using 
data for higher insolation condition (A,=850 W/m^). The simulation results are shown 
in Figure 5.4. 
Initially, the PV panel is virtually short-circuited by the low armature 
resistance of the motor. Therefore, the panel current rises close to its short-circuit 
current of 7.65 A (Figure 5.4a) and the panel voltage drops to about 8 volts (Figure 
5.4b). Therefore the starting current of the motor is limited to the short-circuit current 
of the PV panel. The motor develops a starting torque well above the load torque 
(Figure 5.4e) and the motor accelerates to the steady-state speed of 223 rpm (Figure 
5.4d). Under the steady-state condition, the panel voltage and current settle to 45 volts 
and 7.3 amperes, respectively. The power output of the PV panel is 327 W as shown 
in Figure 5.4c. The results obtained closely match those obtained in the steady-state 
analysis. 
At t = 20 sec, insolation is increased by using data for higher insolation 
condition. The current overshoots and then settles to the new steady-state value of 9.5 
amperes and the panel voltage rises to 54 volts. As the voltage increases the motor 
speed also increases to 266 rad/sec. The panel output power increases to 520 watts. 
5.3 PMDC motor-pump system with MPPT 
It was established in the preceding section that a directly coupled PMDC 
motor driving a centrifligal pump operates near MPP at high insolation condition 
only. If the ambient condition deviates from high insolation condition, the operating 
point also drifts away from the MPP resulting in poor utilization of the capacity of the 
PV source. Therefore, for better utilization of the PV source, an MPPT must be 
interfaced between the PV source and the load. A water-pumping system with the 
analog MPPT (described in chapter 4) is shown in Figure 5.5. 
The water-pumping system with analog MPPT is simulated using MATLAB 
Simulink. The simulation model is shown in Figure 5.6. The working of the 
simulation model of the MPPT for a resistive load was described in chapter 4. 
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Figure 5.4 Simulation results of directly coupled water-pumping system: (a) Panel 
current, (b) Panel voltage, (c) Output power, (d) Motor speed, 
and (e) Electromagnetic torque of motor and load torque. 
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Figure 5.5 Water-pumping system with analog MPPT. 
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Simulation was carried out for two different ambient conditions as described in 
section 5.2. The simulation results are shown in Figure 5.7-5.11. 
Figure 5.7 shows the panel voltage waveform. It can be observed that the 
panel voltage drops from its no-load value to about 10 volts just after the motor is 
switched on (Figure 5.7b). This is due to the low resistance armature winding which 
virtually short-circuits the panel. As the motor gains speed, the panel voltage rises and 
settles to its MPP value in less than 0.1 seconds. When insolation changes (increased) 
at t = 20 s, the panel voltage settles to new MPP value in 0.04 seconds, as shown in 
Figure 5.7c. 
The panel current waveform is shown in Figure 5.8. The current rises to near 
its short-circuit value after the motor is switched on at t = 1 sec. and then settles to its 
MPP value in less than 0.1 seconds, as shown in Figure 5.8b. The current rises and 
settles to its new MPP value after a few oscillations after the insolation is increased at 
t = 20 s, as shown in Figure 5.8c. 
The waveform of the output power of the PV panel is shown in Figure 5.9. It 
can be observed from Figure 5.9a that the steady-state power drawn from the PV 
panel is 400 W for ?. = 638 W/m2 and 529 W for A, = 850 W/m2. These values are very 
close to the maximum power available in these ambient conditions, as given in Table 
5.1. 
The steady-state motor voltages for the two insolation conditions are shown in 
Figure 5.10. It can be observed that the pulse widths increase for higher insolation 
condition. This results in increase in effective load on the PV panel. 
The motor current, shown in Figure 5.1 la, overshoots to about 20 A after the 
motor is switched-on. This is due to the low duty ratio of the dc-dc converter at the 
beginning. As the duty ratio increases, the motor current settles to its steady-state 
value. A high starting current results in high starting torque (Figure 5.11b) and the 
motor reaches the steady-state speed of 239 rad/sec in about 10 seconds (Figure 
5.1 Ic). This settling period is less than the time taken by the motor to reach steady-
state (about 15 seconds) when connected directly to the PV panel, as shown in Figure 
5.4. Also, the motor reaches to a new operating point within 5 seconds, when 
insolation changes. Again, it is less than the time taken (10 seconds) in case of the 
directly coupled motor-pump system. Thus, it is evident that the use of MPPT not 
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Figure 5.7 Simulation waveform of panel voltage of water-pumping system with 
MPPT (a) complete waveform(b) when motor switched-on (c) when 
insolation increased. 
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only increases the power output of the PV panel almost throughout the day but also 
improves the transient response of the system. Thus the MPPT increases the power 
output during the transient condition which is very useful for passing clouds and when 
the ambient condition changes frequently. 
5.4 Experimental Analysis 
For experimental verification, a 60 V, 1 hp PMDC motor coupled with a 
centrifugal pump was tested in the laboratory. The experimental setup which consists 
of a closed loop water-pumping system is shown in Figure 5.12. Water is pumped 
from the lower 100 litre tank to the upper tank against a pressure valve. The pressure 
valve is used to change the effective head of the pump (hence the load torque of the 
motor). The water is discharged to the lower tank by opening a valve. 
The array configuration is chosen such that the maximum power point voltage 
is always greater than the directly coupled motor voltage at that power output. To 
achieve this, three strings of PV modules, each consisting of four series connected PV 
modules, were connected in parallel 
Starting transients of array voltage, current and power were recorded for both 
the cases i.e. (i) directly coupled motor-pump system and (ii) motor-pump system 
with MPPT. Figure 5.13 shows the waveforms of the directly coupled motor-pump 
system. It can be observed that the panel voltage drops to about 20 volts when the 
motor is switched-on while the current rises close to its short-circuit value. The 
current and voltage settle to their MPP value in 1.79 seconds. 
The waveforms of array voltage, current and power of the motor-pump system 
with MPPT are shown in Figure 5.14a. It is evident that the voltage current and power 
settle to their MPP values in 62 ms. This settling time is significantly smaller than that 
for the directly coupled motor (1.79 s). Therefore, there is a significant improvement 
in the transient response of the system. The motor current overshoots before settling 
to its steady-state value, as shown in Figure 5.14b. Reason for this overshoot was 
explained in section 5.3. This is also evident that the experimental waveforms closely 
match the theoretical waveforms. 
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Lower water tank 
Pressure valve 
Figure 5.12 Experimental setup for performance evaluation of the water pumping 
system. 
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Figure 5.13 Waveform of power (upper trace) . voltage (middle trace), and current 
(lower trace) when the motor was connected directly to the PV panel at 
the instant shown by dotted vertical cursor. 
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the motor connected to the PV panel through MPPT at the instant shown 
by dotted vertical cursor 
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Improvement in the power output of the PV array by the use of M PPT can be 
observed from the waveforms of Figure 5.15. The power output increases by more 
than 100% for poor insolation level (Figure 5.15a). The percentage increase in power 
output reduces for higher insolation levels as shown in Figure 5.15 b &c. 
The motor voltages for two insolation conditions are shown in Figure 5.16. 
Increase in duty ratio for higher insolation level can by observed. 
The effect of using MPPT on the flow rate of the pump was also studied. To 
determine the flow rate, the time taken by the system to pump a fixed volume of water 
from the lower tank to the upper tank was recorded. The experiment was performed 
both for the directly coupled motor-pump system and the motor-pump system with 
MPPT under similar ambient conditions. The variation of the flow rate with insolation 
for both the cases is shown in Figure 5.17. Some observations from the figures are 
1. The directly coupled pump fails to deliver any water at insolation of 333 W/m^ 
while the system with MPPT operates to deliver 46 litres/min at this insolation 
level. 
2. With the use of MPPT the pump can be operated even at a very poor 
insolation level of about 200 W/m .^ Thus the pump can be started and used 
quite early in the morning and may be operated till late in the evening. The 
pump can also be operated satisfactorily in slightly overcast condition. 
3. There is only slight improvement in the flow rate of the pump if the insolation 
is higher than 800 W/m .^ This is because the load characteristic closely 
matches the PV array characteristic at high insolation level and the operating 
point is close to the MPP even without MPPT. 
To investigate the improvement in the total discharge by the use of MPPT, 
insolation was recorded at different times on a typical day of September. For the 
recorded insolations, flow rates for the two cases were determined from Figure 5.17. 
The insolation and flow rates thus obtained are plotted against the time of the day in 
Figure 5.18. Improvement in the flow rate by the use of MPPT can be observed. The 
shaded area illustrates the improvement in the total discharge of the day. It may be 
noted that these data are for the month of highest insolation level. The improvement 
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Figure 5.15 Waveforms of power (upper trace) , voltage (middle trace) and current 
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96 
CHAPTER 5 Photovoltaic Water Pumping System. 
140- --800 
-700 
•-eoo 
-600 
--•400 
--300 
--200 
- 100 
E 
o 
'•*-» 
o 
w 
11 13 
Time (hours) 
Figure 5.18 Solar insolation and flow rate with and without MPPT at different hours 
of a typical day of September. 
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in the total discharge will be much more significant in the months of poor insolations 
such as July and August especially in the northern part of India. 
5.5 Conclusion 
In this chapter performance of water-pumping system with a maximum power 
point tracker is compared with a directly coupled motor-pump system. Both types of 
water pumping systems are simulated using Simulink software and also practically 
realized in the laboratory. Theoretical and experimental results are found quite in 
conformity with each other. Important conclusions drawn from the study are as 
follows: 
1. The directly coupled system operates near MPP at very high insolation 
condition only. If the ambient condition deviates from this condition, the 
operating point also drifts away from the MPP, resulting in poor utilization of 
the capacity of the PV source. The utilization factor drops from 97.21% at an 
insolation of 850 W/m^ to 54.6% at an insolation of 300 W/ml 
2. With the use of proposed MPPT, the PV panel operates very close to its 
maximum power point. Moreover, the MPPT tracks the MPP very quickly 
(within a few tens of ms) under varying ambient conditions. 
3. The system with MPPT starts quickly and has better transient response as 
compared to directly coupled system. 
4. Directly coupled motor-pump system fails to operate under poor insolation 
condition (below 333 W/m^). The motor-pump system with MPPT operates 
even at an insolation X = 200 W/m .^ Thus with the use of MPPT, the motor-
pump system may be operated early in the morning and up to a later time in the 
evening. System may also be operated in slightly overcast condition. Thus the 
total pumped water increases with the use of MPPT. 
98 

CHAPTER 6 
Application of Analog MPPT on Separately 
Excited DC Motors 
6.1 Introduction 
The selection of the type of dc motor is an important step for operation with a 
PV source. Normally dc shunt motors are not connected directly with a PV source as 
its field winding is virtually shorted by the armature impedance. Therefore, most of 
the generated current flows through the armature and no significant magnetic field can 
develop. As a result very low starting torque is developed and the motor operates with 
a very week field [Bhat, 1993]. The starting torque of the dc shunt motor remains low 
even when an MPPT is included in the system, [Singer, 1993]. The problem of poor 
starting torque can be solved by using a series motor. However, dc series motors are 
not preferred because its speed could attain dangerous level under no load condition. 
The separately excited dc motors are found better than shunt and series motors. 
A separately excited motor requires separate PV panel to energize the field 
winding. Moreover, the current drawn by the resistive load of the field winding does 
not remain constant; rather it varies over a wide range under varying ambient 
conditions. Thus, the motor operates with a weak field in poor insolation condition. 
Therefore, a permanent magnet dc (PMDC) motor, despite being costly, is the 
most popular choice for operation with a PV source. The operation of PMDC motor 
with a PV source was studied in chapter 5. It was concluded that perfect matching 
with the PV source is possible only at a unique ambient condition and the MPPT is a 
must for harnessing the maximum power from the PV source. 
The overall cost of the system can be reduced if the PMDC motor is replaced 
by a two winding motor that can be operated with a constant field under varying 
ambient condition. A separately excited motor with field and armature windings 
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supplied from separate PV arrays can bee used [Singer, 1993]. However, this scheme 
is not attractive as it is difficult to match the resistive load of field winding with a PV 
source under varying ambient condition and a separate dc-dc converter, for the field 
winding only, is necessary [Bhat,1993]. 
This chapter suggests a novel scheme for operation of a separately excited dc 
motor. The proposed scheme uses a single PV source for supplying both armature and 
field winding. The field winding receives nearly constant current while the armature 
current varies depending on the load and the ambient conditions such that the motor 
draws maximum available power from the PV source. Therefore the characteristic of 
a permanent magnet dc motor is achieved using a low cost separately excited dc 
motor. ' 
In the proposed scheme the analog MPPT, realized in chapter 4, is used for 
tracking the maximum power point of the PV panel. The proposed scheme is 
simulated and realized. The scheme works satisfactorily both for centrifugal and 
constant- torque type loads. 
6.2 Proposed scheme for separately excited dc motors 
The proposed scheme for a separately excited dc motor is shown in Figure 6.1. 
The armature winding of the motor is supplied from the output of the dc-dc converter, 
while the field winding gets the supply directly from the output of the PV panel. The 
signal from the PV panel is compared with the reference voltage signal from the pilot 
PV panel. The reference voltage signal corresponds to MPP voltage of the main PV 
panel. The error signal is amplified using the difference amplifier. The amplified error 
signal is integrated to get a variable reference signal for an OPAMP based 
comparator. The comparator compares the reference signal with a high frequency 
triangular wave. The pulse width modulated (PWM) output is used to drive the 
MOSFET of a step-down dc-dc converter. The duty cycle of the converter changes till 
the PV panel voltage becomes equal to the MPP voltage. 
The input voltage of the dc/dc converter is held at the MPP voltage of the PV 
panel. The field winding of the dc motor is energized from this voltage. As the MPP 
voltage does not vary over a wide range with the change in the ambient conditions. 
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Figure 6.1 The proposed scheme for operation of a separately excited dc motor. 
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the current drawn by the field winding is also nearly constant and the motor operates 
with a constant field. 
6.3 Simulation of the proposed system 
The proposed scheme was simulated using Simulink software. The simulated 
model is shown in Figure 6.2. The motor used in simulation has the following 
parameters [Alghuwainem, 1992]: 
Rated voltage 
Rated current 
Rated speed 
Armature winding resistance 
Armature winding self inductance 
Field winding resistance 
Field winding inductance 
Mutual inductance 
Coulomb fi-iction 
Viscous friction 
Moment of inertia 
240 V 
6.6 A 
157rad./s 
R a = 1 . 9 Q 
La = 0.04 H 
Rf=200Q 
2 H 
Maf=1.2H 
Tf=0.4Nm 
Neglected 
J = 0.04 kg^/m^ 
Details of dc motor block are shown in Figure 6.3a. The dc motor block is similar 
to that used for PMDC motor except that the motor flux is proportional to the field 
winding current ( a linear BH curve is assumed). 
The PV array is simulated based on actual data of i-v characteristics of the 
array. Data for one of the modules of the PV panel were obtained experimentally. To 
match the voltage rating of the selected motor, 16 modules are connected in series to 
form a string; four such strings are connected in parallel to supply the rated current of 
the motor. 
The simulation was carried out both for constant- torque load and centrifugal 
load. The details of load block for constant- torque load are shown in Figure 6.3b. 
Change in load was simulated using two step function blocks (with step-times zero 
and 10 seconds). The motor was switched on by closing an ideal switch at t = 0.6 s 
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Figure 6.3 Details of dc motor and load blocks (a) dc motor, (b) load block for 
constant-torque load (c) load block for centrifugal load. 
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(after the input capacitor was charged). The change in insolation condition was 
incorporated by using data for higher insolation level after time t = 5 s. The load 
torque was changed at t = 10 s. 
The simulation results are shown in Figure 6.4. When the motor is switched 
on, the low resistance armature winding of the motor virtually short circuits the panel 
and the current attains a near short-circuit value and motor voltage drops to a very low 
value. As the motor gains speed, the panel current decreases and the panel voltage 
rises to settle at their MPP values within 2 seconds. 
The MPPT tracks MPP successfully after the insolatic^ n changes at t = 5 s, or 
the load changes at t = 10 s. It can also be observed that the field current of the motor 
I 
builds up and remains virtually constant with the changing insolation and load 
i 
conditions. Therefore, the motor operates without field weakening under all the 
operating conditions. The armature current overshoots because of low duty ratio of 
the dc-dc converter in the beginning and then settles to its steady state value. 
Simulation was also carried out for centrifiigal load with load torque 
T/ = 0.00 Ifi)'^. The details of load block for centrifiigal load are shown in Figure 6.3c. 
The simulation results are shown in Figure 6.5. The results are similar to that for the 
constant- torque load. While armature current increases with the increase in 
insolation, the field current remains practically constant. 
Simulation was also carried out for dc shunt motor botlh for constant- torque 
load and centrifugal load. It was observed that the motor fails to start at loaded 
condition for either type of loads. The field current fails to build up as the armature 
short circuits the field circuit. 
6.4 Experimental verification 
To test the proposed scheme, a 220 V, 2A, 0.5 HP shunt motor was modified 
to match the PV system. As the MPP voltage of the PV panel used for experimental 
study is near 110 volts, the field winding was redesigned to have rated ampere-turn at 
the reduced, 110 volts voltage level. The realized system was tested in the laboratory 
for constant- torque load (pulley belt arrangement). 
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The field circuit was first energized directly from tiie PV panel. The pane! 
voltage is close to its open-circuit voltage under this condition. The field winding 
draws a current of 0.52 amperes (proportional to the panel voltage). The armature 
circuit was then connected closing the switch ,S, as shown in Figure 6.1. The recorded 
starting transients are shown Figure 6.6. As the motor speed is zero at staring, the 
back emf is zero and low resistance armature winding virtually short-circuits the PV 
panel. Thus the Panel voltage drops to about 20 volts and the armature current reaches 
close to its short-circuit value as shown in Figure 6.6a. The armature current 
overshoots above its steady state value and the field current falls below its steady state 
value, as shown in Figure 6.6b and Figure 6.6c, respectively As the motor gains speed 
(Figure 6.6 d) the Panel voltage and current settle to their MPP value and the PV 
panel delivers its maximum power. The armature and field currents reach their steady 
state value. 
The motor was started under different ambient conditions. It was observed that 
the field current remains virtually constant. This is because the PV panel voltage is 
locked at its MPP value. As the MPP voltage varies only in a narrow range, the field 
current (which is directly proportional to the PV panel voltage) also remains 
practically constant. 
Figure 6.6 shows the field circuit voltage and the armature current when the 
load was changed (increased by tightening the belt). It may be noted that the field 
circuit voltage (hence the current) remains constant, even if the armature current 
changes. 
6.5 Conclusion 
In this chapter a novel scheme of operation of a separately excited dc motor 
from a single PV array is proposed. The proposed system was simulated and 
practically realized. Following conclusions are drawn from the theoretical and 
experimental results: 
1. The motor starts and runs successfully both for centrifugal and constant-
torque loads. 
2. While the armature current varies with the variation in insolation and load 
condition, the field winding current practically remains constant. Thus, the 
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Figure 6.6 Experimental waveforms when the motor was switched on (at the instant 
shown by the dotted cursor): (a) power output (upper trace), voltage 
(middle trace), current (lower trace), (b) armature current, (c) field 
cuiTent and (d) motor speed. 
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Figure 6.7 Experimental waveforms when the load was increased (at the instant 
shown by the dotted cursor): field circuit voltage (upper trace) and 
armature current (lower trace). 
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motor operates with a constant field under different insolation and load conditions. 
3. The PV panel operates close to its maximum power point irrespective of 
variations in operating conditions. 
4. As the motor runs with nearly constant field and operates from a single PV 
source, it can replace the costly PMDC motors which are used in the 
commercially available water pumping systems. 
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CHAPTER 7 
Conclusion 
7.1 Summary and Conclusion 
This thesis deals with development of different analog and digital maximum 
power point trackers for the maximum power generation from a solar photovoltaic 
panel and its application to various electrical loads e.g. separately excited dc motors 
and water pumping systems. At the outset, the need of using a maximum power 
tracking circuit for tapping the maximum power from a solar photovoltaic generator 
has been explained. The different maximum power point tracking techniques and their 
relative merits and demerits are discussed in detail. A microcontroller based 
maximum power point tracker is developed and two tracking algorithms, namely, 
perturb & observation (P&O) algorithm and maximum power point voltage (MPPV) 
algorithm are successfully implemented. It was observed that the P&O algorithm 
tracks the maximum power point (MPP) slowly and there are continuous oscillations 
around the MPP which cause loss of energy on each variation of the ambient 
condition (e.g. due to passing cloud). The MPPV algorithm is fast and does not have 
the drawback of oscillations around the MPP. However, the algorithm is not very 
accurate as the tracked MPP may be slightly away from the true MPP. 
To overcome the drawbacks of P&O and MPPV algorithms, a novel hybrid 
algorithm that combines the two above mentioned algorithms, has been proposed and 
practically implemented. The developed MPPT was tested under changing insolation 
and load conditions. The proposed hybrid algorithm first uses the MPPV algorithm to 
force the operating point very near to the MPP. The true MPP is then tracked using 
the P&O algorithm. The method is therefore, fast and accurate. The magnitudes of 
oscillations around the MPP are also minimized. This method is very attractive for 
frequently changing ambient conditions including the conditions of passing clouds. 
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The MPPV algorithm is fairly accurate and does not require multiplication of 
voltage and current to calculate the power. Therefore, this control strategy is fast and 
can easily be implemented. A simple and cheap analog circuit is proposed to 
implement the MPPV algorithm. The circuit is first simulated using MATLAB 
Simulink software and then practically realized. The realized circuit is tested under 
different ambient and load conditions. The simulation and experimental results are 
presented. 
The MPPV tracking algorithm locks the panel voltage to a fixed percentage of 
its open-circuit voltage. To determine the open-circuit voltage, an unloaded pilot PV 
panel, with characteristics similar to those of the main PV panel and installed under 
similar conditions, is used. Contrary to the conventional MPPV tracking, here the 
main PV panel is never disconnected from the load, resulting in sustained and 
increased energy output. The simulation and experimental results show that the analog 
circuit tracks the MPP faster than the digital circuit. Moreover, both cost and power 
consumption in the analog controller circuit are reduced drastically. 
The performance of water-pumping system using an analog maximum power 
point tracker is compared with a directly coupled water-pumping system in Chapter 5. 
Both types of water pumping systems are simulated using Simulink software and also 
practically realized in the laboratory. Theoretical and experimental results show that 
the directly coupled system operates near MPP at high insolation conditions only. If 
the ambient condition deviates from this condition, the operating point also drifts 
away from the MPP, resulting in poor utilization of the capacity of the PV source. 
With the use of proposed MPPT, the PV panel operates very close to its maximum 
power point, irrespective of the changes in the ambient conditions. Under poor 
insolation condition (around 300 W/m^), the directly coupled water pumping system 
fails to operate while the pumping system with MPPT operates successfully. Thus, 
with the use of the proposed MPPT, the pumping system operates early in the 
morning and up to a later time in the afternoon. System may also be operated in 
slightly overcast condition. Thus, the overall performance of the pumping system 
improves and the total pumped water increases with the use of the proposed MPPT. 
Moreover, the proposed system (pump with MPPT) starts quickly and has better 
transient response as compared to directly coupled pumping system. 
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Another novel application of the proposed MPPT is given in chapter 6. It is 
used to replace a costly PMDC motor by a separately excited dc motor. The proposed 
system is simulated and practically realized. The results show that the motor starts and 
runs successfully both for centrifugal and constant-torque loads. While the armature 
current varies with the variation in insolation and load conditions, the field winding 
current practically remains constant. Thus, the motor operates with a constant field 
under different insolation and load conditions. The PV panel operates close to its 
maximum power point irrespective of variations in the ambient and load conditions. 
As the motor runs with nearly constant field and operates from a single PV source, it 
behaves as a PMDC motor. Thus it can easily replace the costly PMDC motors which 
are used in the commercially available water pumping systems. 
7.2 Future Work 
The solar PV based system is a costly system. Therefore, harnessing the 
maximum power from the solar PV cell is very important. The proposed analog and 
digital (microcontroller based) MPPTs shall find their applications in almost all solar 
PV based generating systems. In the present work, the application is restricted to dc 
systems only. The proposed MPPT technique has enormous scope of application in 
systems requiring dc to ac conversion. The pulse width modulation technique used 
here in dc-dc conversion may be extended for a single pulse PWM control of dc to ac 
conversion and their subsequent application in submersible water pumps. These 
pumps are basically induction motor based systems and have great utility in farming 
for pumping maximum power and for deep well applications. Moreover, the nature of 
the load of compressors used in air conditioners/refrigerators is similar to water 
pumps. Therefore the proposed technique may also be extended to these systems. 
Similarly, a grid interactive inverter system (dc-ac conversion) also need 
power conditioner. Therefore, the proposed MPPT techniques can also be used for the 
large solar PV based grid interactive system (MW range), where slight increase of 
power generation has a great significance. 
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